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SECTION 1.0
INTRODUCTION
The primary mechanisms used to orient and maneuver the
Skylab Space Laboratory were three Control Moment Gyros
(CMGs) manufactured at Bendix Guidance Systems Division.
Each CMG used two 107 H size angular contact ball bear-
ings to support a 150 pound wheel rotating at a speed
of 9100 rpm and developing an angular momentum of 2300
ft-lb-sec. Each of the gyros were tested at Bendix
GSD and at NASA, Huntsville, Alabama, for approximately
1500 hours prior to their launch in the Skylab Space
Laboratory on May 14, 1973.
On November 23, 1973,after 195 days of continuous opera-
tion in space, ATM CMG S/N 5 (Skylab #1) ceased to func-
tion due to a probable bearing failure. During the re-
maining 75 days of the mission, close monitoring of speed,
current and temperature data from the remaining two
functioning ATM CMGs revealed periods of slightly un-
stable behavior in ATM CMG S/N 6 (Skylab #2).
The unstable behavior manifested itself by slight speed,
current, and bearing temperature fluctuations about the
norms but did not affect the functioning of the gyro.
However, the trend of the data indicated a possible de-
terioration in the performance of one of the two bear-
ings paired in this gyro.
Both of these remaining ATM CMGs completed the mission
of approximately 6500 hours in space and were run down
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after the egress of the Skylab IV astronauts.
Task Order 25-74 of Contract No. NAS 8-20661 was issued
to the Bendix Corporation Guidance Systems Division to
study the ATM CMG data from Skylab,,to initiate a complete
design review and to assess the cause or causes for
the failure of ATM CMG S/N 5 and for the anomalies ex-
perienced with ATM CMG S/N 6. The enclosed reports
address (see Appendices) each of the areas investigated
under the task order.
1-2
SECTION 2.0
DISCUSSION
The investigation into the cause or causes for the fail-
ure of ATM CMG SIN 5 (Skylab #1) and the anomalies
associated with ATM CMG S/N 6 (Skylab #2) was divided
into the following four areas:
1. Review of the Skylab data
2. Investigations into specific areas by outside con-
sultants and a literature search
3. Bendix tests and simulations
4. Bendix design reviews
The review of the Skylab data was divided into eleven
periods. These periods were selected to try to isolate
and/or correlate various factors possibly related to
the failure and the anomalies observed. The periods
were selected to determine long term trends in wheel
speed, currents and temperatures and how these parameters
were related to various maneuvers, temperature cycles,
gravity gradient desaturations, docking and undocking
and periods of manned and unmanned operations.
The primary source for the data reviewed was the Skylab
telemetry data. Other data sources were also used where
necessary. A computer program was utilized to present
this data in the form of parameter distributions. The
report on the details of the data review is presented in
Appendix A.
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Because of the size of the report generated during this
task, we have not been able to include it within this
volume. This data review report and its appendix is on
file at NASA and is available for review there .
The investigations by outside consultants were performed
to develop more fully specific areas of interest, and
to reinforce the initial theory that the problems
associated with ATM CMGs S/N 5 and S/N 6 were caused
primarily by marginal bearing lubrication.
Other areas of investigation included the possible
occurrence of bearing ball speed variation (BSV), the
conditions necessary for its initiation, and the effects
if any. Also investigated was the effect of centrifugal
forces on the lubricant present on the bearing rotating
inner race and bearing balls. The effects of thermal
gradients and surface conditions (specifically the
presence of retainer transfer material) on the migration
of oil from the bearing outer race land to the contact
area was investigated. The dynamics of retainer in-
stability,particularly under the conditions of high
lubricant viscosity and marginal lubrication,were also
studied. The reports submitted by the consultants and
a summary of their efforts appear, in Appendix B.
A literature search was conducted into phenomena asso-
ciated with the affects of orbital conditions, particu-
larly hard vacuum and zero "g", on lubricants. A total
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of forty-five documents were reviewed some of which were
helpful in further understanding certain areas relevant
to the ATM CMG situation. on Skylab. The results of
this search appears in MT 15,785 in Appendix BV.
The Bendix testing was concerned primarily with various
bearing tests to investigate the effect of lubricant or
lack of lubricant in the ATM CMG bearings and the dis-
persion and migration of the lubricant. The tests were
all conducted to simulate,to a certain extent the vacuum
and weightless conditions of space. Four life tests
were conducted with bearings containing a redesigned
bearing retainer for the purpose of proving the effec-
tiveness of the design change. The reports on these
tests may be found in Appendix C VII and C VIII. In
addition, three tests were conducted in which minimally
lubricated bearings were monitored and run to imminent
failure. The purpose of these tests was to attempt to
simulate and correlate the bearing conditions and the
recorded variations in speed, current and temperature
with the data telemetered from the Skylab ATM CMGs. The
report on these tests is presented in Appendix CIII.
To determine the degree of dispersion and migration of
oil in a bearing with standard retainers, a test was
conducted utilizing a minimally lubricated bearing with
its spin axis oriented such that the migration of any
resupplied oil would be against 1g. The test was con-
ducted using red dyed oil in the resupply system such
that the dispersion and migration of the oil was readily
visible. It is assumed that if the resupplied oil does
2-3
migrate or is pumped into the race against lg, then-an
equal or greater amount would similarly enter the race
in a Og space environment. The report of this test
appears on Appendix CV. Appendix CIV contains a report
of a test to determine the life expectancy of an ATM
CMG bearing which has sufficient lubrication initially,
but is not resupplied with lubricant.
Other tests were conducted to determine the effect of
temperature, particularly lower temperatures, on lube
nut flow rate and ATM CMG bearing torque. The reports
covering these tests appear in Appendices CI and CII,
respectively. Appendix CVI contains a report on bear-
ing lubricant hydrodynamic film tests.
The Bendix design reviews included investigation into
areas most of which had been reviewed previously.
These areas included the lube nut design and flow
rates, bearing stresses and loads, wheel stresses,
electric motor design, and bearing fits and the bearing
retainer. The fact that the retainer feed holes
were positioned to direct the supply oil to the land ad-
jacent to the race way rather than directly to the ball-
race way control angle was previously noted and was not
considered to be a problem. However, upon further in-
vestigation and review, Bendix GSD now considers this to
be the major failure mechanism. A modified retainer was
then investigated and has corrected this condition.
2-4
SECTION 3.0
RESULTS AND CONCLUSIONS
Analyses of the results of the tests conducted in
this task and the concensus of opinion of the consul-
tants commisioned,points to inadequate lubrication as
the predominant factor causing the failure of ATM CMG
S/N 5 (Skylab CMG #1) and the anomalies associated with
ATM CMG S/N 6 (Skylab CMG #2).
The problem of inadequate lubrication was caused by the
inability of the makeup supply oil to migrate from the
outer race land to the immediate bearing contact area.
This was caused by the original positioning of the make-
up oil on the land and the oil wetting restriction which
inhibited migration. This migration restriction was due
to thermal gradient effects and possibly retainer debris
and oil polymerization after the failure mechanism was
established and the problem was compounded.
Retainer loads resulting from Ball Speed Variation dur-
ing maneuvers could have added to the retainer debris for
an inadequately lubricated bearing.
This problem did not manifest itself during exhaustive
testing on earth. In five years of testing prior to
launch, a total of 480,000 hours were accumulated on 22
units including bearing tests in life test fixtures and
wheel qualification tests. We believe the failure
mechanism was masked by the pooling of oil in a 1 g
field which would supply oil whenever the spin axis
was horizontal. Although it now appears possible that
the failure of ATM CMG S/N 11 during qual tests was
precipitated by the same mechanisms, (the cause assign-
ment was low rate of flow from the lube replacement sys-
tem) it was not designated such by the investigative
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team of Bendix, NASA, and various consultants and con-
tractors at the time of its failure.
As a means of showing that the original Skylab retainer
did not supply sufficient lube, a series of tests were
run (MTs 15,781, 15,784 and 15,786) with marginally
lubed bearings in the SA vertical position. In all
cases, with the holes supplying oil to the lands (as in
the Skylab CMGs),we were able to induce failure in less
than 200 hours. Since the design modification was made
we have been able to run marginally lubricated bearings
for thousands of hours. These tests with both new and
old retainers were performed several times and always
yielded the same results (the old retainers failed and
the new ones survived).
As a result of all of the efforts discussed, Bendix GSD
believes that the failure mechanism associated with
the bearing retainer holes caused the problem in the
Skylab CMG and was probably slowly starving the second
CMG. If allowed to run further, we also believe that
the third CMG would have eventually suffered problems
when it depleted the oil supply on its retainer. It
is also felt that the P-ll failure in Houston with the
S.A. vertical can also be attributed to this same
failure mechanism.
Further testing of the new and old retainer designs have
been proposed to further validate the above premise.
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Other than retainer hole relocation, the design reviews
and studies did not disclose any areas where further
design changes are necessary.
There is nothing in the data search that implies that
external events were responsible for the failure of
Skylab CMG #1 and the anomalies associated with Skylab
CMG #2.
From the data reviewed it was observed that normal
changes in speed, current and bearing temperature did
occur with coincident bearing heater cycles, periods
of high solar intensity, and with changes in electronics
assembly temperature. There were also changes related
to docked and undocked modes. There were small changes
in bearing A temperature related to bearing heater
cycle and change in EA temperature. However, the pri-
mary sign denoting anomalies in the bearings of CMG
S/N5 and CMG S/N 6 and the impending failure of CMG S/N
5 were changes in the bearing A temperature in excess
of normal changes due to the above effects. It also
appears that bearing number one (the failed bearing) in
CMG S/N 5 always had slightly higher heat generation
than its opposite number. This temperature generation
appears to trend upward with time particularly during
the weeks prior to its failure. There is no such con-
sistant trend in A temperature associated with the bear-
ings on CMG S/N 6 or CMG S/N 7.
The gravity gradient desaturations and other maneuvers
do not appear to affect the CMG wheel speeds or cutrrents
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since the expected small changes are within the granu-
larity of the telemetry equipment. However, there
appears to be some induced gyro thermal variations re-
lated to some of the CMG S/N 6 anomalies. Although
the effect of the gravity gradient dumps were not noted
during the earlier phases of the mission, there was some
correlation noted during the later phases between the
anomalies and the occurrence of "g-g" desaturations.
From the results of MT 15,774 (Appendix CI) the flow of
the lube nuts in the Skylab CMGs was sufficient to
adequably relubricate the bearings. The results of
the thermal vacuum test (MT 15,783, Appendix CII) indi-
cated an expected change in bearing torque of approxi-
mately 25-33% in the Skylab CMG bearing temperature
cycle range of 60oF to 800F. This was due to the change
in viscosity of the KG 80 oil used to lubricate the
bearings and accounts for the changes in speed and cur-
rent associated with the temperature cycle and periods
of high solar intensity.
The results of MT 15,775 indicate that an ATM-CMG bear-
ing would run for at least 1500 hours and probably in
excess of 3000 hours without additional lubricant other
than the lubricant in the ball bearing retainer and the
residual oil on the bdaring races and the balls.
The results of tests to determine whether the resupplied
oil would migrate against lg is documented in MT 15,776.
and indicates some oil does migrate or is pumped against
lg into the bearing outer race. However, most of the
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oil does not and the quantity and rate of migration into
the race is insufficient for adequate relubrication.
However, this would support the supposition that resup-
plied oil could reach the bearing race from the land in
a "O" g space environment. However, the minimal amount
moving this way against the thermal gradient flow was
probably not enough to sustain bearing life.
The results of MT 15,782, an investigation to determine
the adequacy of the bearing lube hydrodynamic film in-
dicated that the speed at which the hydrodynamic film is
developed in a normally lubricated bearing is 66-84
rpm. Therefore, an adequate film is available if the
bearing is adequately supplied with oil.
The results of life tests utilizing bearings with re-
.designed retainers (MT 15,781, MT 15,784) indicate that
the modified retainer redesign described in MT 15,777
does deliver all of the resupplied oil directly to the
bearing outer race and at a rate that is more than ade-
quate to properly relubricate the bearing.
The results of tests which attempted to simulate the
failure of CMG S/N 1 and the anomalies of CMG S/N 2
(MT-15,786) by running marginally lubricated bearings
in a life test fixture were vague. Although some
similarities appear, both for the failure of CMG S/N 1
and the "glitches" of CMG S/N 2, overall correlation
between minimal lubrication and the Skylab anomalies
was not accomplished.
ORIGINAL PAGE IS
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The fact that all of the CMG's lasted at least 195
days (4680 hours) agrees with preliminary earth tests
that predicted at least 1500 to 3000 hours of running
with no supplemental lubrication. The additional time
beyond the 3000 hours can probably be attributed to
the reduction in load associated with zero G operation
(i.e. removal of the 150 lb. wheel weight).
Concurrent with the writing of this report GSD has
been awarded a follow-on contract to further validate
our failure mechanism premise. As part of this new
program we will continue running our three life test
fixtures and unit E-2 (all with the modified retainer
design). We will also do further testing to compare
the old and new retainer designs by utilizing two
more life test fixtures and the IGRA of Unit S/N 4.
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SKYLAB ATM/CMG DATA REVIEW
DUE TO THE SIZE OF THE ATM-CMG DATA REVIEW
AND ITS APPENDIX, IT IS NOT INCLUDED IN
THIS VOLUME. THIS REPORT AND ITS APPENDIX
IS ON FILE AT NASA, HUNTSVILLE AND IS AVAIL-
ABLE FOR REVIEW THERE.
To: Engineering File MT-15,787 Issue: Original
From: T. Wheelock Date: 10 January 1975
ATM CMG BEARING FAILURE
CONSULTANT REPORT
Prepared by: /
T. Wheelock
THE BENDIX CORPORATION
GUIDANCE SYSTEMS DIVISION
TETERBORO, NEW JERSEY
07608
dl
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1.0 DEFINITION OF CONSULTANT EFFORT
The nature of the failure of Skylab CMG #1 (P-5) and
the anomalies of CMG #2 (P-6) had been discussed and
analyzed by several organizations: (Draper Lab,
Battelle); NASA facilities; (MSFC, Lewis Research
Center, Langley Research Center) and Industrial
organizations; (Bendix, Barden Corp., IBM). Some
preliminary agreement as to probable failure modes
had been established. Certain aspects of the problem
had not been fully developed and it was agreed the
other sources of bearing technology should be contact-
ed for more complete analysis of these areas.
These consultant organizations and individuals, to be
subcontracted through BGSD included Battelle (Columbus
Lab.,) Tom Barish (consulting engineer) and A. B. (Bert)
Jones (consulting engineer). These three consultants had
been involved with an earlier CMG (P-11) failure analysis.
A basic program outlining the areas of investigation for
each consultant was proposed. (See Table 1).
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TABLE 1
B. Consultant Support
B 1 Battelle
1.1 Lubemigration phenomenon in 0 g and hard
vacuum.
1.1.1 Surface tension - surface energy equilibrium
at lube vapor pressure.
1.1.2 Surface adhesion.
1.1.3 Circulation and flow in 0 g's.
1.1.4 Effect of surface temperature gradients.
1.1.4.1 Lube flow.
1.1.4.2 Lube evaporation.
1.1.5 Long term effects at hard vacuum and radia-
tion environment.
1.2 Ball speed variation.
1.2.1 Expansion of preliminary report critical
range etc.
1.2.2 Transient loading. Torque pulses.
1.3 Labyrinth seal analysis.
1.3.1 Analysis of current labyrinth seal and
housing orifice design using temperature
and pressure data profile.
1.3.2 Theoretical analysis 0 g effects (if any).
Issue : Original MT-15,787
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TABLE 1 (Continued)
1.4 Retainer Instability
1.4 General testing, possibly with unstable
retainers, continuous monitors, power,
torque temperature vibration, etc.
1.5 Tests of outer race control bearings - (LTF)
may be done at BGSD.
B 2. A. B. Jones
2.1 Ball speed variation and computer analysis
for 0 g conditions.
2.2 Computer run - orbit.
2.2.1 Orbit steady state.
2.2.2 Orbit Torqueing.
2.2.3 Orbit transient torqueing.
B 3. Tom Barish
2.1 BSV analysis, orbit conditions.
2.2 Transient torque.
2.3 Normal torqueing in orbit.
2.4 Possible experience with lube in space
environment.
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Although several phone conversations with Bert Jones
were made it was determined that due to his current
work load he would not be able to contribute meaning-
fully to the analysis, and suggested that Battelle's
computer programs could produce results comparable to
those from his.
2.0 1ST REPORT FROM T. BARISH - APRIL 23, 1974
The initial report from Tom Barish was received at
the end of April 1974. He had been furnished with
all available reports from the meetings held at MSFC.
He was also furnished a complete copy of NASA Report
50M23157 which included the analysis and report of the
failure of CMG P-11 as well. The first report contain-
ed the following analysis and conditions:
1. The #1 CMG failure was a result of overheating
and retainer breakup in bearing #1.
2. The cause of this condition was a combination of
marginal lubrication, Ball Speed variation, and
a possible hangup of the outer race in the slider
producing high preload.
An interesting aspect of the analysis (section 10 of
report) is the effect on oil migration due to centrifugal
forces within the bearing. The analysis suggests the
net effect would be a depletion of available lubricant
at the inner race - ball and ball-pocket contact areas.
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Battelle had agreed to conduct some testing to evaluate
this effect (see section 5.3). The effects of Ball
Speed variation (BSV) had been studied as a possible
failure mode for P-11 CMG earlier. Under a specific
range of radial loads (for a given preload) a maximum
in contact angle variation occurs, and in turn produces
the maximum BSV and resulting forces in the retainer
ball pockets. An analysis can be made to determine
the excursions of the individual balls, however there
is some question as to the magnitude of the forces
generated on the retainer. This force is dependent
on the coefficient of friction at the ball race con-
tacts and the value can vary by at least an order of
magnitude depending on the lubrication situation. BSV
is also considered as a "glitch" generation mode as
described in para. 19. A modified ball retainer with
increased pocket clearance is recommended. This would
allow more ball excursion and reduce the possibility
of damage from BSV. It should be noted that this modi-
fication will necessiate reduction of the ball comple-
ment from 15 to 13. Also recommended are modifications
to increase the amount of lubricant available.
3.0 MEETING BGSD, (T. Wheelock) BATTELLE, (J. Kannel) and
T. Barish - MAY 7, 1974
The preliminary analysis conducted by Tom Barish and
at Battelle had resulted in some areas of confusion and
disagreement as to certain aspects of the problem.
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Numerous phone conversations has been necessary; how-
ever, it was effectively impossible to arrange a three
way discussion. AsTom is unable to travel, it was de-
cided to have a meeting at his office in Van Nuys,
Calif. Areas to be resolved were:
4.3.1 Critical radial/axial load ratios producing max. BSV.
4.3.2 Friction forces producing BSV forces on the retainer.
4.3.3 Oil loss from inner and balls due to centrifugal
forces.
4.3.4 Comparison of failure scenarios for CMG-1 and CMG-2
anomalies.
There was agreement as to the critical radial/axial
load ratios for maximum BSV. This range was deter-
mined to be 1.5 to 2.0 which corresponds to a slew
rate of 3 to 4 degrees per second. The ball retainer
forces due -to BSV were discussed at length and it was
generally agreed the friction forces would be greatly
modified by the presence of an EHD lubricating film.
BSV however was still to be considered a factor in
the failure of CMG #1.
The lubrication problem was also discussed as results
of preliminary tests at Battelle to determine effects
of centrifugal forces did not indicate this was a
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significant factor. It was agreed that testing and
analysis of the phenomenon would continue however.
Other aspects of the analysis such as race curvature
and the relative merits of inner and outer race
"control" in this application, thermal consideration
such as primary heat generation being at the ball
retainer contact, lubrication starvation mechanisms,
and design considerations for the "lube nut" reservoir
were discussed.
In connection with the redesign of the bearing in
order to withstand larger ball excursions in similar
application (NERVA) with a design life goal of 40,000
hrs. for a 105 size bearing was cited. The bearing
life improved from approximately 500 hrs. to greater
than 15,000 hrs. with a similar modification. The
modification consisted of removing 1 ball from the
assembly and increasing pocket and land clearances.
The unit operated at 10,000 RPM.
4.0 SUPPLEMENTARY REPORTS FROM T. BARISH
Shortly after the meeting on May 7, Tom Barish issued
two additional reports relating to the discussions
and conclusions 1 reached. A graph developed from
Battelle's computer program and illustrating the criti-
cal radial loads, and resulting ball excursions had
been included in their preliminary analysis and in
NASA document 50M23157. This analysis in effect sup-
ported the BSV failure mode and Tom's report strongly
suggests BSV was a prime factor in the failure of P-11,
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Skylab CMG #1 and a likely responsible for glitches
in CMG #2. He again recommended the modified retain-
er design described in his first report as a solution.
The third report concerned the effects of inner and
outer race ball control on the BSV situation. A
modified bearing with reduced outer race curvature
had been proposed (principally by Bert Jones) at the
time of the P-11 failure analysis.This would in effect
maintain all balls in a loaded condition during periods
of high radial loads.
This would in turn reduce the tendency for abrupt
changes of contact angle during each revolution and
subsequent "impacts" between the balls and the re-
tainer. The report suggested that the actual situa-
tion is one of partial inner race control and partial
outer race control or an oscillation or shift between
the two conditions. Included was an approach to deter-
mine the actual degree of "control" at the inner and
outer races under various loading conditions.
5.0 BATTELLE REPORT - JULY 5, 1974
5.1 Lubricant Migration
This report contains detailed analyses and test re-
sults for several important areas in the failure
scenarios. Of particular importance is the lubricant
migration tests which evaluated the effects of tempera-
ture gradients and surface conditions. BGSD had also
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conducted investigations into the effects of the
orbital environment on lubricant migration (see
Appendix 1). The question of what is the fate of
oil deposited on the lands of the outer race from
the lube nut were of prime importance as this lubri-
cant availability could well determine the life of a
marginally lubricated bearing. There is a good chance
that a transfer film of phenolic material will occur
at the inner race, as the retainer is inner land riding.
Any material at the outer race, however, must be wear
debris, probably generated in the ball pockets. The
possibility of the transfer film combined with the
temperature gradient effect in the absence of gravita-
tional forces would indicate lube would not tend to
migrate from the lands into the ball grooves.
5.3 Other Lubricant Loss Mechanisms
The results of lube film measurement under various
centrifugal loads indicates this is not likely to be
a significant factor at the levels which occur in the
operation of the CMG. Lubricant loss through the
labyrinth seal was found to be negligible. This had
also been determined at BGSD during the literature
study (ref. MT-15,785). The possibility of lubricant
from the retainer being directed onto the lands of the
outer race rather than in the ball groove was another
important factor in determining the available lubricant
quantity. The retainer design and oil distribution are
discussed in MT-15,777.
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5.4 BSV and Retainer Instability
Reference is.made to the computer analysis for critical
loading for maximum BSV. It is emphasized that for
significant ball pocket forces to occur, a very marginal
lubrication situation must exist. The retainer stability
analyses indicates no significant instability mode.
It is interesting to note the ball impacts occur in
situations of marginal lubrication, which may also
produce a degree of race control and additional pocket
forces. This suggests that the lubrication condition
can produce instability as "starved" ball race con-
tacts occur.
5.5 Weightlessness
The effects of lack of gravitational forces were dis-
cussed briefly. However some question remains as to
the magnitude of the various factors involved. The
detrimental effects of lubricant drainage during
vertical operation are eliminated as are similar
forces which cause flow in the bearing contact areas.
Spreading of accumulated oil, dispersion of oil drop-
lets and the behavior of oil in the grooves will also
be affected. The operation of the lube nut oil reser-
voir systems will generally be unaffected, since the
operation is dependent primarily on centrifugal forces.
It is suggested that further study of the gravitational
effect on bearing lubricating mechanisms be conducted.
]ssue: Qriginal MT-15,787
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6.0 Conclusions
1. The most likely primary cause of the failure of
CMG #1 was lubricant starvation.
2. Ball speed variation was probably a factor in
the failure of CMG #1 in combination with condi-
tion 1.
3. The critical loading for BSV results from an
input rate of nominally 30 /sec.
4. Lubricant deposited on the lands of the races
will tend not to migrate into the contact area.
5. Retainer instability is not a primary factor of
the failure mechanisms involved.
6. The net effect of the lack of gravitational forces
remains speculative and further investigation of
this phenomenon ;is recommended.
Issue: Original MT-15,787
Date: 10 January 1975 Page 12
APPENDIX I
LUBRICANT SPREADING IN A TEMPERATURE GRADIENT
1.0 FACTORS AFFECTING SPREADING
The distribution of lubricant due to migration in the
bearing is affected by a number of factors. They in-
clude, among others: (Ref. 1,2,3,4)
1. Temperature
2. Materials
3. Contaminants and Coatings
4. Adsorbed gasses and oxide layers
5. Chemical reactions at the solid, liquid interface
6. Surface finish
7. Porosity
8. Gravity
9. Atmosphere
10. Electrostatic phenomena
The relative effects of these factors have been studied
and some of the more significant analyzed for specific
cases but little quantitative data is available.
2.0 ANALYSIS OF SPREADING
The. phenomenon of spreading of a lubricant away from
a heated area has been observed previously (Ref. 1,
P 379). However, no specific explanation was provided
for this effect. The spreading process may be studied
by the following considerations:
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In general a liquid-solid-vapor interface in equilib-
rium is defined by
YSV - SL LV cos e (Young and Dupre' eq.)
LV
SV SL
where
TSV = Surface energy of solid
YSL = Surface energy at solid liquid interface
YLV = Surface tension of liquid
The spreading of this liquid on the solid is defined
by a spreading coefficient(4)
S = YSV 
- (SL + yLV
If the surface is wettable S will be > 0 and the
liquid will spread.
The effect of temperature on yLV is described by ( 1 )
n
YLV =LV .1 - T T = observed Temperature0 \ T
c Tc = critical temperature
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which shows a decrease in YLV with increasing tempera-
ture (incidentally is approximately = 1.23 for most
substances (Ref. 2). This suggests from that spread-
ing should occur more readily in the area of higher
temperature unless YSV increases, and/or ySL increases
at a higher rate than yLV decreases.
This characteristic change in ySV and ySL has not
been specifically observed and may be considered
unlikely. In the case of a temperature gradient,
the surface tension of the liquid may also have a
gradient with the lower surface tension at the high
temperature edge. This gradient would produce a
force tending to draw material from the area of lower
surface tension (higher temperature) to that of higher
surface tension (lower temperature).
Other factors could also influence spreading in the
area of higher temperature. The formation of a pre-
liminary spreading monolayer (ref. 4) would be
inhibited due to higher evaporation rates. Evapora-
tion of more volatile components or additions in the
area of higher temperature could also produce a lower
average surface tension. Tricresyl Phosphate is known
to have a high surface tension. If the temperature of
the atmosphere is sufficiently below the surface
temperature particularly severe gradients may exist
in the edge of the lubricant drop. A retraction or
negative spreading has been observed in some fluids
Issue : Original MT-15, 787
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tested on heated surfaces (Ref. 4).
3.0 REDUCTION OF SELF INDUCED TEMPERATURE GRADIENTS
The type of temperature gradient in a bearing is
typically one which causes lubricant to flow away
from the contact areas. In order to counteract
this condition a source of heat remote from the
constant region may be introduced. Since the ATM
CMG bearing now has heaters, it may be expedient to
relocate them in order to generate an opposing axial
gradient which would produce flow toward the bearing
races.
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Bearing Failures
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1. References: (a) NASA report number 50M23157: etc. (821 pages)
(b) Three previous reports by TB November 7, 1972, December 31,
1972, and January 22, 1973.
2. Present Problem: To determine as far as possible the 
specific
cause of failure of CMG-no. 1: also the anomalies shown by
CMG-no. 2:, similar to the ones that occurred before failure
of no. 1.
We have available for this analysis the data about the land
failure on unit CMG-no. 11, the very extensive and thorough
reviewing and testing of this failure. To this we are adding
telemeter data from no.1 and no. 2. This data shows charac-
teristics that must be matched up with the type of failure
as follows:
(a) Torque readings indicated by current which give positive
measurement of the size of the additional friction.
(b) The speed with which the heat builds up. This is important as
mechanical action would be rapid, and heat effects would be
much slower.
(c) Periodic variations both high frequency and low frequency.
ORIGINAL PAGE IS
3. General Conclusions: OF 
POOR QUALITY
(a) The final catastrophic failure of the bearing including very
severe ovcrh--atlng and cafre breakup In bearing no. 1.1 and
probably in bearing no. 1,were certainly produced 
by loss of
internal clearance to the point where the thermo expansion of
the bal~n ra.i nd the Innor raoc bein
, rrreater than that of the
EBidix T.B. 
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3. General Conclusions: (continued)
* outer race developed very large loads. This "runaway"
type of failure occurs when
the rate of heat generation exceeds
the rate of heat dissipation or equalization.
(b) These bearings operate near the brink of this type of failure
because of extremely low oil supply 
and unusual heat transfer
conditions.
(c) To begin the runaway internal-tightness" 
failure requires some
triggering mechanism: candidates -
reduction of already marginal lubrication,
sudden large persistent increase in load,
ball speed variation (BSV) resulting from
the load combination which produces this, and
radial bind of the outer race preventing axial
motion plus over heating of the-shaft.
The most likely causes indicated 
by the evidence are the first
and third, and perhaps a combination 
of them. Each is discussed
in turn below.
4. The internal radial clgearance 
of the bearing is too small and
not well controlled mnakin the bearin 
- especially sensitive to
runaway heat failure. The specifications 
call for a close con-
trol of contact angle but no internal 
clearance control or con-
trol on the race curvatures and tolerances.
Bearing Clearance (Total Radial) (page 
8, T.B. report 11/7/72)
Curvature Initial Contact 
Afle
Inner Outer 130 170
Avge. 51.6 53 
.00074 .00126
Min.* 51.1 52.5 .00052 
.00098
Max.* 52.5 53.5 .00090 
.00153
•Tolerance estimated
A thorough test was made heating the inner race to determine
how the dra7 increased when the 
inner race became hotter than
the outer race. The test reported 
.0017 radial clearance,
expected and measured. The test 
gave the critical temperature
differnce as over 100 degrees F. 
With the minimum clearance
Indicated in the table above, 
this temperature difference would
be about '0 derees.
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Furthermore, in operation the balls are likely to be hotter
than the inner race and hence would require even less tempera-
turc dlfference. This occurs because tile heat transfer does
not have any convection, the radiation is small, and the con-
duction i:s limitcd by the omall contact area. Therefore, the
likelihood of runaway heat failure from loss of clearance 
is
far greater than indicated by the test.
Thin brinkmans11hip could be avolded.by usino, a minimum radial
play of" .001:5, by controlling- the radial play 
to avoid excessive
top play, and by permitting a slightly larger tolerance 
on the
final contact angle.
5. Clearance Measurements on Critical Bearings
(From Records, by phone from Wheelock, 4/24/74)
CMG No. 1 CMG No. 2
(Space Failure) (with anomalies)
-
If II '
End Shake .0140 .0144
Brg 1 Brg 2 Brg 1 Brg 2
Make & S/N Barden 17 Barden 16 SBB 009 SBB 002
Radial Play* .00091 - .000969 - .000873 - .000719 -
.00129 .001299 .001165 .000950
Retainer Loose- .014 .014 .013 - .013
ness on race
in ball pocket .0055-.0060 .0060-.0065 .0060-.0065 .0060-.0060
Total 0195-.020. .0200-.0205 .0190-.0195 .0190
Clearance on
Brg. O. D. .000602 .000646 .000425 .000565
* Calculated from measured contact angles and race curvature
specifications.
From the above radial play readings, it is quite evident that
the two critical units could have had much less radial play
than that used in the check test, .0017. The temperature
differential necessary to produce a bind would be 40 - 50 degrees
ins.tead ofove" 10() degrccs otlimatcd by tc:.t. ORIGINAL PAGE IS
OF POOR QUALITY,
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This would be further reduced by 
the fact the test produced
huat inside of the inner race but not at the ball.
Note that "delta T" in this case means difference between inner
race temperature and outer race temperature and will be used as
s:uch in the following. The main report 
uses this delta T for
dlfference beteen bearing no. 1 and 
bearing no. 2 which has
b eoon invariably sOmal and not very signiffcant.
When delta T begins (temperature differ.ential, inner to outer
r ing), the first thing that takes place is a reduction in internal
clearance, a reduction in contact angle without actual binding.
This is equivalent to having a bearing initially made with less
contact angle. The table below indicates that the load per ball
roughly doubles before binding begins. Hence there should be 
a
.,radual increase in friction to about 
double, an increase in watt-
adse of about 30 to 40 per cent since 
the bearing friction is not
ale of it and since you would ordinarily 
involve one bearin first.
_' iaotaD±e OG.LOI SnOWZs now a bearing with average tolerances
uould.change. It becomes tight with 78.50 delta T., 
inner
S)t-ter than outer.. With the balls tending to hold the heat,
this estimate should drop to about 500.
Change in Loadin _with_ eduedCleaanc 
e Ak /Z: A-
'
Initial Angle 150 100 50 00
Angle with 40 lb.
Thrust 416.01 12.75 9.9 
8.95
Normal Load/ ball 9.62 12.1 15.5 17.1
Initial Looseness .00098 .00044 .00011 
.0
'A iT (est.) O 43.30 69.70 78.50
, 'urther delta T will increase the radial load very 
rapidly.
'urther
'lta T increase 10 20 I
Added Squeeze (on diam.) .000125 .00025 .00050
T',tal dde,1 Ioad (norm:al) 23 :Lb. 60 138
Bendix T.B. 4/23/74 Page 5
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OF POOR QUALITY
TelemetrY
1. The telemetry from CMG-
1 during failure (next page) showed first
the difficulty started about one minute after a vigorous 
manoeu-
vre. Then the following actions are noted:
(a) The amperage rose from 1.0 to 1.8 in twelve minutes,
(b) The amperage leveled off for twelve minutes,
(c) A short peak, two minutes to 
2.4 amps and immediate
settling back, hour(d) Leveling off at 2.0 for about one hour
The above indicates that the 
eump in power is much greater than
would obtain with a normal 
reduction in clearance
The sudden peak might have occurred 
from the beginning of run-
away failure but dropped off too 
fast for that and is more likely
an actual cage breakage. The following 
high friction would be
continued ball-cage or ball-ball friction.
9. Page 7 shows the telemetry 
for CMG- in one ofth prefailure
anomalies. One very significant condition 
in this picture and
which occurred in the similar anomalies on CG-2 is 
the puand fr
of the current: maximum + or .0045 amps. The size a re-
quency of the change makes it possible that this was a reduction
in internal clearance with the contact angle chans
e d as per above.
Ench intpea and dropff takes two-four minutes 
and this would be the
type of thermal delay that would be evidenced. However, the 
dro
offs are too sudden and difficultto 
explain.
These pulses could be very small 
drops of oil entering the ball
oath. Then the dropoff could e sudden as indicated; 
however,
it is very unlikely to be regular 
and persistent.
The third possibility is cage 
bind from BSV which is relieved
as soon as heating occurs, chanles 
the contact anle and reduces
the increase speed of the unloaded balls. 
(See discussion later
on BSV) all off, totaled three
The burst (page 6) to 1.066 amps and 
the fall off, totaled there
hours, is most likely a straight lubrication 
effect. f thre
were internal clearance buildup it 
would show difficulty much
more rapidly. This implies a sparse lubrication 
effect. Theearin temperatures confirmplie this in that the amperage drops off
when the bearing temperature increases which 
as proved by test
he variation in bearin g teperatur 
does not help much in deter-inr ses the oil flow. doesnot pM
mnnr, ntcrnl radial bind. In the latter case, it is 
the
d( lt T' (Irn.i to outer rinr) whi ch count 
We can oquy say that
an increa e in outer race temperature woule reture. AteC at
con:s dce:a~ l'I nc'I, of iner race t empC ature 
After th s
nl'i ,ih, tilP ra would e qu.ll e in minutes.
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CMG - 1 PREFAILURE ANOMALY
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10. Lubrication
he centrItUraL force effects 
need more attention. The inner
race is subjectd to 2200 G S 
Hence the oil creep will be 
far
more rapid than under one G" and 
directed definitely towards the
more rapid than under one b bone dry in
inner race shoulder. The race can be expected to be 
bone dry in
less than a minute after start 
of operation. A more exact 
analysis:
the surface tension does 
not vary with the film thickness. 
Hence
the film thiconess can be determined 
as that which would just
equal the surface tension at 
2200 "G"s However, there 
are too
many questions involved. It would 
be better to make a simple
test and find out how much 
film remains and how long 
it remains
under the high CF.
Note that this oil would be thrown 
off the edge of the inner race
and would tend to provide 
a certain minimal lubrication 
for the
bore of the cage.
11. The oil delivered by the nut should definitely be much 
greater
at the first of the run because the pressure developed 
by CF on
the metering device varies 
with the depth of the oil in 
the nut.
However, this need not modify previous conclusions since we actu-
lly tested the oil flowat different 
depths.
12. The oil leaving the nut and 
entering the cage lip has a CF of
39 s hence the Cage is practically 
bone dry in the pockets
except for whatever the ball transfers from the outer 
race to the
cage and the inner race. There is also 
possibly slight lubricatio,
from the inner race throwing into 
the cage but even this will
mostly go throuh the 
cae pockets. 
th
Hence the unusual squealing 
under severe loading because 
of the
dry contact. However, producing 
a squeal requires positive 
forces
on the contact and these are 
most likely from BSV.
13. The high CF on both the 
nut and the cage means that oil 
flow from
t.hrm w nll t -re pPcc strictly in a tanr-ential 
direction-at high
speed and at the very. first available 
opening.
The location of the hut lip with re pect to the cage 
was. determine
as .006 rnlninmuin overlap. However, 
this figure did not include
an allowlance for the axial motion 
of the cage (.004 off-center
possible) and the fact that the ball center 
is not in the same
position axiall.y as the Froove of 
the outer race (.00?). This
indicates that with some tolerance variation 
and wear the oil from
the nut could skip the cage entirely.
The oil leaving the cage oil holes would 
move outward radially at
the first small edge and this would clearly 
hit the outer race
h It would take
bore outside of the ball groove. e underzero "G" 
to reach
an appreciable creep in the outer race underzero 
G" to reach
the ba]1 path and some of the oil would definitely creep in
the opposite direction.
Bendix T.B. 4/23/74 Page 9
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14. * The sparsity of oil on the inner race (practically none) will
make the friction at that contact considerably higher than normal
and definitely .higher than the outer race. The A.B. Jones
computer setup uses .07 friction as carefully determined 
by tested
calculations" for normal oil and normal bearings. This inner race
will develop more friction and more heat.
The outer race can have an clastohydrodynamic (EIID)film. There
will be two problems: 1. the removal of oil by the balls and 
feed
to the inner race and the cage. Also creep of oil away from 
the
contact will starve it unless the cree" brings the oil back 
re-
latively rapidly. Both of these effects will leave so little 
oil
in the race that its film thickness may be less than required 
for
an EHD film. A rough calculation assuming the average oil flow
and one minute for removing the oil by CF and creep leaves a 
film
thickness of .0004. This should be ample for an EHD film but the
calculations are very rough.
Furthermore, the radial load and the load per ball becomes 5-10 time:
as large under violent manoeuvres. We should check the EHD film
capabilities at these conditions. This is one likely 
candidate for
the pulsing of the friction.
15. The enormous amount of thorough testing of the metering 
system,
the amount of flow and what it does to the bearing leaves little
to add.
We add one.note: the difference in oil flow that exists from the
maximum to the minimum temperature allowing at the bearing outer
race, can be quite critical in view of the fact that the remaining
oil film is extremely small. It is quite possible that at the low
rates, the inner race very soon becomes bone dry with much higher
friction and much heat added to it.
Ball Speed Variation (BSV)
(Ref.: "BSV In ball Bearings and 
Its Effect on Cage Design" ASLE 
Paper
68 AM6C-2)
Thrus:t load only Thrust 
and vadial Radial load 
mainly.
No appreciable BSV Approximately 
equal No BSV binding.
Major BSV occurs Upper balls loose(except for CF)
A.B. Jones Computer setup 
for earth conditions gave a 
contact
angle variation (center figure above) 
of 27 deree_ s
(T.B. 3rd report, Jan. 22, '73) This
It is urged that computer runs be made for 
space conditions. This
should be 40 lb. thrust and radial varying from 
20-60 lb. in
small steps. We noed to define the BSV which exists 
only for a
narrow band and also how large it will be. Indications 
are that
it will be maximum at about 40 lb. radial load; 
1/20 per second
gimble motion.
16. BSV Forces: 
The BSV makes the cage operate 
eccen-
tricly (see fi7ure). For small tSV
6 -the 
cage floats in its most comfortable
..... .
position and the increase in friction is
However, when the ball excursion exceeds
the total looseness of the cage (cage-
race and cage pockets), the forces 
be-
tween the cage and balls and rac rise
very sharply. With our flexible cage
there is a small band when 
the cage
yields and this determines the size 
of
' "' 
the forces but they soon reach 
a magni-
tude of 5-20 times the normal bearing
. ... ..
friction. ;iith metal cases, this is
sudden..
7 *B)..$
S-S ~ :,
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17. In these gyro bearings, the total available 
looseness is smaller
than usual:
.o190 - .0205
for the critical space bearings. (see page 3)
The computations for earth conditions showed a maximum ball
excursion .032", for outer race control. This 
would give positive
binding. oWe do not yet know what the computation will 
give for
the space conditions.
The 13SV is sharply different in the critical areas 
when the outer
race controls the bal.l spinthan when the inner race controls the
ball spin. The computer setup gives the ball 
excursion for the
early conditions, but in this critical a ea where it is not clear
which race controls, the computer does not give 
the ball excursion
but it does t-ive the contact angle. T.B. report no. 2 and 3 com-
puted the ball excursion for both conditions.
Furthermore, the computer assumes .07 constant coefficient of
friction for both races. The inner race, when 
it becomes bone dry
due to CF will surely have a higher coefficient of friction.
18. Cage Instability would not normally be noticed with the very light
and flexible bakelite compound cages unless there was a very def-
inite bouncing with considerable force behind 
it. It is the author'
belief (not confirmed by tests) that this 
occurs during the unstable
condition when the bearing may be rapidly changing 
from inner-race
control to outer-race control. This would rrive 
a considerable
forced vibration that could be perceived, and 
would explain this
squealing.
19. If the BSV produced cage bind, the current 
pulsing of CMG-2 would
have occurred as follows: the onset of rapidheating 
would first
reduce the internal clearance. This would happen even more 
rapidly
than from normal load because the heat is generated 
at cage-race
contact and cage-ball contact. The balls would 
heat up more and
more rapidly. -The reduction in clearance would quickly reduce the
effective contact angle (table, page 4). This would 
sharply cut
the BSV since the high angle at the top of the 
bearing (middle
figure, last page) would come down rapidly. The 
elimination of
BSV bin would then permit an ejualizaLoon of the temperature and
a drop in friction. This would also explain 
the "glitches" as the
speed would rapidly drop and come back more slowly.
20. Outer Race Bind
The housine around the outer race of the bearing 
has .12 thick-
ness of beryllium bronze and .813" of aluminum. 
Any changres with
temperature would closely follow that Of the.aluminum. 
The clear-
ance hero is .0005 nominal. Actual clearances in the 
critical
bcarin.'3,: wa. .00043 - .00065 (par-e 3)-
I' e iS w 1. :to r,- .0 Zrsd eb anl ;" t 820, operation 
at 600
wIou.l. conm.l. tcly 'eiiIOVO the minil.nmuinm oosenc above 
and mak.e the
unilt hin.d. .lI, would happon much more quickly if the 
aluminum wer
colder than the outer race.
ZLj.mh .Irlinir, w,jo ld ,r ulvv t vcn tL an; CuxpIan:l on axlall y o" t :he ,h
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and build up large thrust loads: 500 delta 
T gives .003"
expansion and would jncreasc the thrust load from 
40 lb. to
700 lb.
This difficuty is unlikely: first, because 
both bearings would
have to bind. Secondly, the aluminum housing 
would expand also
so we would need a differential. Nevertheless, steps should be
taken to prevent its possibility on future desi ons. Suestions:
slightly increased radial play perhaps .00oo. 
Also the measure-
ment of the aluminum housinG shoul.d be specified 
at a particular
temperature.
21. Temperature Differences on Outside of Gyro Housing.
If one side of the gyro housing is in sunlight 
(not the end-bells)
and the other side in the shade, the difference 
in axial expansion
would produce a tilt of one end-bell with respect 
to the other,
and a misali.nment on the two ball bearings. 
As explained above,
these bearins are especially sensitive .to 
misalign m ent because of
the rapid increase in BSV.
This problem is very remote because the 
gimble housing is shielded.
Even a 100O difference in temperature would give 
only .0004"/"
misalignment on each bearing.
Summary
22. This entire analysis is only of value 
for assuring better perfor-
mance on future yros. The following actions 
have been suggested:
(a) Compute the BSV for space conditions.
(b) Increase the bearing looseness a small 
amount but control the
looseness rather than the contact angle. 
Also specify a control
on the race curvature. A flatter race 
curvature on the inner race
particularly would permit an increase 
in looseness without much
change in the contact angle.
(c) The cage needs many adjustments:
The cage pocket should be elongated circumferentially 
about .Or
This will require cutting from 15 to 13 
balls.
The cage-race clearance can be cut to the original 
.005 - .00
Increae width to better its oil catcher.
The oilholes in the cage should come 
nearer to the center.
The scallops on the bore should leave an 
appreciable flat be-
tween each of them since the pointed condition now 
gives poor
bearint- and easy removal of cotton slivers.
(d) The OD looseness should be slightly 
increased.
(o) Ch,,.inJ 1n. t1c ur.vatureo should be chockcd carefully. 
Any attempt
to falt:ri tl r.:co curvtiurc on the Inner 
race and cave the
o(lto' r'J .i () "1 L o bal lI I : npl , woli'f a tso 
mean more he:at
tfrrin r ,i ,od : oit th 1lnne r ra e and iruator icta T1'. l!cevertho]en.1 s
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Summary (continued)
it may be desirable.
(f) The oil flow should be checked to avoid 
very low figures as occurred
in some of the space bearings. Also perhaps, 
closer temperature
control.
(g) The nut OD can be increased about 1/3re 
This would permit about
1/16" larger oil space and would require moving 
the metering out
also.
(h) Retest to confirm no additional trouble from all the 
above changes.
(i) It may be desirable to again attempt to reproduce the symptoms 
ob-
tained in space by running a unit with all the unfavorable condition
discussed.
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Ball Speed Variation
in Ball Bearings
and its Effect on Cage Design
THOMAS BARISH, ASLE under the same loads and turned slowly by hand. The
Consulting Engineer distance between the balls was 
measured with an inside
VaConsulting Engineer micrometer, and varied up to 
%6 in. Removing the
Van Nuys, California cross-sectioned area A in Fig. 2, without any other
change in the bearing, eliminated the roughness and
A review is presented of the common causes of Ball reduced 
the temperature rise about 75F.
Speed Variation (BSV), with emphasis on misalignment, Cause and Types of Stress
the most common cause, and including typical calcu-the mostcommon cause, and including typical calcu- The orbital velocity of the ball is one-half the velocity
lationsree very different stress rgime reult, depending of the contact 
point B on the inner race, Fig. 3 (one
upon the extent of BSV. When large, rapid cage failure exception at 
high speeds with large centrifugal force is
is produced by the large forces at the cage-ball and described later). The only factor in the equation which
is prodced by the large forces at the cage-ball and can vary in operation is the contact angle. Hence all
cage-race contacts. BSV results from contact angle changes.
In many cases, the trouble can be cured by small BSV results from contact angle changes.
changes in the cage design, particularly increases in The cage rpm is controlled by the balls and equals
the looseness at the ball pocket and the race. Typical the average ball speed. Tand crowd the balls advance or retard
field experience is quoted. from 
the average speed and crowd the cage pockets
field experience is quoted. and the cage. This is the maijor source of severe loading
at cage-ball and cage-race contacts: possible other
source, severe unbalance.
INTRODUCTION 'These stresses are not controlled by the BSV itself,
Ball Speed Variation (BSV) refers to the speed of the but by the change in the ball position, the displacement
ball along the pitch circle. A. B. Jones aptly names it variation. Most variations in speed are cyclical: the ball
"orbital velocity" and gives a complete set of equations will travel faster than average in one-half the bearing
(1) (2). Variation occurs in practically every operating and slower in the other half. The advance of the ball
ball bearing, but fortunately, rarely large enough to be accumulates over half a revolution. To determine the
serious. When large, it produces rapid failure at the ball position and the distance it departs from the aver-
cage-ball and cage-race contacts. age requires an equation or curve for the 
ball speed
BSV has been known for a long time; i.e., Fig. 1, a variation, and an integration for the ball position vari-
production cage design used by D.W.F. (Germany) ation from average.
about 1920; clearly the designer expects changes in the The ball-cage forces can have three radically different
ball-to-ball distance. The author's first contact with this
problem was in 1924: a 420 size Conrad type bearing
under heavy thrust and radial load at moderate speeds
showed excessive temperature rise and roughness.
A bearing without a cage was put in a testing machine
Presented at the 23rd ASLE Annual Meeting
in Cleveland, Ohio, May 6-9, 1968 Fig. 1-Spring cage-circa 1920 (D.W.F.-Germany).
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Fig. 2-Removing metal A dropped temperature about 75F (1924).
regimes: (a) "When the ball displacement is less than the
looseness in the cage pocket and no cage-ball bind
results. Only two small forces remain: the relatively Fig. 4-Cage wear from BSV.
negligible cage weight, and the unbalance force appre-
ciable only at the highest speeds. For the 7204 bearing
the cage weight is only 0.013 lb for a suitable lightened The usual cage materials have low fatigue limits 
and
machined cage (0.009 lb for a stamped cage). The fail soon under these conditions. Hence the range of
unbalance force at 75000 shaft rpm (1.5 X 106 DN) BSV that can be handled by flexing is quite narrow.
will be 4.7 lb for 0.015 eccentricity (0.030 loose), and Cage materials, especially the bronzes, are selected
drops to 0.60 lb at 27000 shaft rpm. These unbalance so they can spread 
or coin or wear at the cage-ball con-
forces are small and occur only when the cage eccen- tact without immediate failure under average 
conditions
tricity rotates. and without transferring metal from the cage 
to the
If the balls are not initialy spaced in the middle of balls or races. For small BSV, the cage pocket wear 
and
their travel, considerable forces arise to push them into increased looseness can soon exceed the BSV and 
the
median position, but these exist only for the first few large forces disappear. The same action takes 
place at
revolutions. The cage should be sturdy enough to avoid the cage-race contact but to a much smaller extent, i.e.,
failure under these momentary forces. (b) Moderate Fig. 4. (c) When ball displacements are large and cages
Cage-Ball Forces arise when the ball displacement stiff, the balls are forced 
to skid or slide on the races.
exceeds the clearances. The cage must yield by an Cage-ball forces are 10 to 100 times larger and failure.
amount equal to the difference between displacement very rapid. The force size is indicated by Palngren
and clearance. The force developed varies with this dif- data (3) of Fig. 5, where a ball was forced at right
ference and the spring rate of the cage circumferentially. angles to the direction of rolling. With BSV, 
the ball is
The cage revision of Fig. 2 sharply reduced the spring forced in the direction of rolling, either faster or 
slower
rate and the cage-ball forces. Most cages have high than the rolling speed; the forces will be nearly the
spring rates circumferentially and large cage-ball forces same. Above 0.4% sliding-to-rolling, the friction is large
in this regime of moderate BSV. Hence rapid failures enough to induce gross sliding. Indicated 
coefficient of
occur especially above moderate speeds. Stamped cages friction can be up to 0.25, probably sliding 
on one race
are better than machined cages, and there is room for first. With the 2 to 1 leverage, this gives 
ball-cage force
much ingenuity in making them soft circumferentially up to 50% of the ball load.
but sturdy as a ring. A spring cage like Fig. 1 or those At very small amounts of skid, actual 
sliding does not
used in gyro gimbal bearings keeps these forces low, occur. Instead, the ball and race 
materials yield in
but such cages are usable only for low speeds.
,.008
.02 .04 .08 .O8
Fig. 3-Ball speed formula: n = /2 N[1 - (d/P) cos a -
where n = orbital velocity, rpm Fig. 5-Ball rollin# between flat plates with side force.
d = ball diam. in. M = angle ball travels from pure rolling,
P = pitch diam. in. = ratio 
cross motion to rolling
a = contact angle t = Tangential stress/perpendicular 
stress
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THIS BALL OVERSIZE LAGS.
OTHERS RUB LIGHTLY ON OPPOSITE
SIDE
O 0
O 0
O 0
RUBS LIGHTLY ON INNER
RACE ONLY IN THIS AREA
Fig. 6-Cage wear from oversize ball.
Fig. 7-Contact patterns-with off-square inner.
shear parallel to the surface and below it. This absorbs
much less power than sliding. For a more complete dis-
cussion of this effect, called "surface shear", see refer-
ence (4).
One Large Ball
Most BSV effects are cyclical and repeat exactly each
revolution. One rare exception occurs when one or
more balls are appreciably different in size from the
rest of the balls in the bearing. The oversize ball will
have a smaller contact angle and lower speed, and will
lag continuously. In a 7204 bearing, a 0.0001 in. over-
size ball reduces the contact angle from 350 to 33.50,
and causes the ball to lag 0.0022 in. per cage revolution.
At 3600 rpm, this would accumulate to 3.2 in per
minute. Hence the greater importance of ball size
equality in angular contact type ball bearings. 
Fig. 8-Contact patterns-with off-squore outer.
Failures produced by this condition have one pocket
with severe ball-cage stress on one side of the pocket
(Fig. 6), and all other pockets will have lesser stress on and balls travel faster in the upper half of the bearing,
the opposite side of the pocket; also, mild rubbing on and slower in the lower half, 
(Fig. 10), and the ball
the inner race, localized on the cage, not on the race. position displacement accumulates 
as shown. This forces
the cage downward to an extent equal to the maximtun
amount of ball displacement from average. The dis-
THRUST LOAD PLUS MISALIGNMENT placement of the ball from the average position is
approximately sinusoidal. If the cage is allowed to oper-
Misalignment is the most common cause of BSV and ate in an eccentric position as shown in Fig. 10, the ball
cage failures. Under pure radial load no unusual cage- pockets also provide a sinusoidal displacement from
ball distress occurs because the balls readjust their posi- average. Since the cage is not fixed except by its clear-
tion in the unloaded area. BSV problems arise only with ance from the race, it will adjust itself to this position
pure thrust load, or enough thrust to keep all the balls and no unusual cage-ball stresses occur, only the weight
in contact (also in very high speed bearings, discussed of the cage. If the eccentricity rotates with the inner
later). race, there will also be an unbalance.
Figure 7 shows ball path pattern for thrust load plus
misalignment in an angular contact bearing with inner
race off-square: Fig. 8 with outer off-square. Figure 9
shows an inner race after operation. No real failure
occurs in the race contact. The indicated contact angle
change does not cause failures in the races or the balls,
no more than they would operating in a bearing designed f / .
to such angles. The only difference at the contact is a - T ~. a' r'
smnall reduction in fatigue life, because the load distri-
bution among the balls is modified. The failures are Fig. 9-Off-square inner ball path tilted-no real race failure, cage
primarily in the cage. 
broken.
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so,,- s - sinusoidal motion. Large pooket clearances would give
cage instability axially. Hence most of the increased
clearance should be at the cage-race contact. Also satis-
factory would be cage pockets elongated circumferen-
tially, but these are difficult to make except in a two-piece
riveted cage where temporary spacers between the
' halves will give elongated pockets.
*. Stamped ribbon-type cages, riding the balls, auto-
matically leave room for liberal clearance on both the
,1,COI, inner and outer race. However, they are frequently
made with the inner and outer clearances unequal
hlS ,NER st,. limiting the alignment capacity to that provided by the
smaller opening.
The same type of BSV but of lesser magnitude results
from: (a) excessive angular deflection of shaft or hous-
L ::, bing, (b) moderate radial loads with larger thrust loads,
large enough to keep all of the balls in contact, and
(c) off-center loads or moment loads on a single bearing
mounting. In all of the above cases, the ball displace-
ments rapidly increase with closer curvatures and with
higher contact angles.
Fig. I 0-BSV moves cage off-center.
HIGH SPEED WITH COMBINED LOAD
Table 1 gives typical figures for ball position variation BSV becomes serious at high speeds when the cen-
under misalignment. trifugal force of the balls is appreciable (usually above
It is evident that the misalignment capacity of such 500,000 DN), and when radial loads are combined with
a bearing can be materially increased by increasing the small thrust. With pure radial load, the upper 
balls are
looseness of the cage, both in the pockets and on the held against outer race (Fig. 11a) and the cage force is
inner race. If the total looseness in both locations were only that needed to drive these balls. The looseness 
C
increased from the normal of about 0.015 in. to 0.04 in., increases to initial looseness + deflection 
of bottom
the aligning capacity would be increased from 0.110 to ball + deflection of top ball at outer contact. 
The first
0.290. The cage-pocket and cage-race loads would small added thrust load makes little change 
until the
then be in regime (a) above, just cage weight and axial motion brings the top ball into contact with the
unbalance for inner off-square: no heavy loads as in inner race (Fig. 11b). Because of greater looseness this
regime (b) or (c). occurs at a high contact angle and produces the peculiar
The total clearance can be divided between the ball ball path shown. The top ball rides the outer 
with a
pocket and the cage-race contact, except that a mini- low angle, 50 to 100, and the inner angle can 
easily reach
mum is needed in the pocket for departure from true 300 to 400. The higher angle increases the ball speed.
TABLE 1-BALL POSITION VARIATION vs
MISALIGNMENT o
7204 Bearing: 10-1Va2 balls, 35" angle T
52 and 52% curvature C
Misalignment 0.001 0.002 0.003 0.005
in./in.
degrees 0.057 0.115 0.172 0.29
Contact Angle
Change from ±3.44 ±_6.82 ±_ 10.2 t±17
Average, degrees
Ball Position
Variation from -0.0038 ±0.0076 "-0.011 ±0.020
Average, in.
Note: Position variation will change up to 50% with size of load, or with a Fig. 11-Ball path patterns at high speeds-(a) Pure-radial load;
small radial load; and the latter depends on relative direction of misalign- C = Initial looseness + Deflection at 3 contacts. (b) Adding thrust
ment and load. Displacements shown are only approximate; no com- moves outer to left. Top ball touches inner at B with high angle.
puter setup used. Also BSV assumed sinusoidal. 
Ball speed = (Speed of B) (ODiBE).
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It is now more than half- the speed of the driving con- to 40 lb. The calculated BSV for both loads are given
tact (Fig. l1b). Different angles occur also with pure in Fig. 12. The total ball position variation became less
thrust at high speeds but they do not change: hence no than the total cage clearances (Table 2). Increasing the
BSV. Formulas and experiments are reported by Hirano cage clearances would also have eliminated the trouble
(6). The BSV becomes large under combined load (as was done in later cases), but would have taken more
because the lower balls still have a small contact angle. time.
A. B. Jones' equations (2) and computer programming Table 3 gives data for a later similar case (1964) with
give the change in angles and orbital velocity, angles and orbital velocities by computer, and corrected
Details are given for an early case of trouble from by increasing clearances.
this source (1954), the turbine bearings on an aircraft
alternator drive. No trouble arose in extensive testing
under load with 80 lbs thrust, but there were repeated TABLE 3-BSV IN TURBO-PUMP
failures in qualification test at no load with only 20 lbs
spring thrust. The higher operating thrust moved the Bearing 305 conrad--'5 balls, 25,000 RPM
outer axially and r duced the BSV by reducing the 17" Initial angle: 51.6 and 53% curvatures
outer axially and reduced the BSV by reducing the Loads: 359 lb radial; 175 lb thrust; 32 lb C.F./ball
inner contact angle at the top ball. The problem was
solved quickly by increasing the spring load from 20 lb
Figure 13 shows BSV and position variation from
4 average, and calls for -- 0.055 cage looseness, total for
pocket and race contacts. Only part of this can be com-
pensated by eccentric operation of the cage; that part
*o
z
0
SRPAD 50.1 LB z
THRUST 19.2 LB 4
2
I
R62 4.9L
THRUST 38.4 LB _ .
1 .2 .3 4 .502
ONE HALF REV OF CAGE -0
Fig. 12-BSV for conditions of Table 2.
Fig. 13-BSV for bearing of Table 3. Speed is variation from average.
Position from arbitrary starting point.
TABLE 2-BSV IN TURBO-ALTERNATOR DRIVE
AT NO-LOAD
Bearing 204 Conrad-8-ie" Balls .0
51.6 and 53% Curvatures-0.0006" Loose 4
Cage Looseness: Pockets 0.008-Outer Race 0.010
Conditions: 25,000 rpm--Radial Load 50 lb O 0,p
Centrifugal Force-6.5 lb per ball
SPRING THRUST .19.2 La 38.4 LB
MAX. MIN. MAX. MIN.
Contact Angles
degrees-Inner 36.3 13.7 24.4 16.5
Outer 0 13.3 9.7 13.7
Ball Position
Variation, in. ±0.019 -0.0088
Total 0.038 0.0176 Fig. 14-Determination of cage clearances. G is minimum needed at
ball pocket. H is maximum usable at race.
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which givcs a true sinusoid.al ball position variation. CONCLUSIONS
The rcmainder requires pocket clearance. To find the Appreciable BSV arise in ball bearings, notably under
nearest sine curve for Fig. 13 is time consuming and (a) misalignment plus pure thrust load or predominant
inaccurate. It is better to use polar coordinates Fig. 14, thrust load, and (b) high speeds with radial load and
plotting the circumferential ball position variation as small thrust. Examples show the extent of BSV and ball
the radial coordinate. The nearest circle shown gives: displacements: also methods of determining them, and
(a) minimum acceptable pocket clearance as variation corrective measures used. Increased 
cage clearances
from curve to circle, G = ±0.015 can permit much larger ball displacements from these
(b) maximum useful cage-race clearance, as off-center sources without generating high cage forces and early
of circle, H = --+0.040 failure.
Since race clearance might cause unbalance troubles,
the pocket clearance was set. above the minimum REFERENCES
-+0.015 and the cage-race clearance set for the balance
of ±0.055 total. (1) Jones, A. B., "Ball Motion and Sliding Friction in Ball Bearings"
Minor misalignment or angular shaft deflections will ASME Trans. 81 1959, 
p. 1-12.
(2) Jones, A. B., "A General Theory for Elastically Constrained Ball
change BSV under above conditions rapidly. They can and Radial Roller Bearings 
Under Arbitrary Load and Speed Con-
add or subtract according to angular relation between ditions," ASME Trans. 82 1960, p. 309-320.•
the radial load and the misalignment. (3) Palmgren, Arvid, "Ball and Roller Bearing Engineering" SKF Ind.,Inc., Philadelphia, Pa., 3rd edition, p. 34.
Bearings that have operated under these high BSV (4) Barish, Thomas, "How Sliding Affects Life in Rolling. Surfaces"
do not show the ball path pattern of Fig. 11b. The Machine Design. Oct. 13, 1960, p..189-194.
rotation changes this pattern to an extremely wide path (5) Barish, Thomas, "Analysis of Ball Bearing Troubles," ProductEngineering, March 1939.
with fuzzy edges. The pattern was evident in only one (6) Hirano, Fujio, "Motion of A Ball in Angular-Contact Ball Bearings".
case where the radial load rotated with the inner race. ASLE Trans. 8, 1965, p. 425-434.
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THOMAS BARISH
CONSULTING ENGINEER
5411 TYRONE AVENUE
Bendix Navigation and Control Div. . VAN NUYS, CALIFORNIA 91401
Teeterboro, N.J. 07608 (213) 781-8181
Attn: Thomas Wheelock, Proj. Engr. May 9, 1974
Copy To - Battelle Memorial Institute
505 King Ave.
Columbus, Ohio 43201
Attn: J. W. Kannel
Sublect: Sky Lab Gyro Bearings
1. Reference: The useful and satisfying conference at this
office with both of the above men on May 7th.
2. The curves developed at Battelle for the ball excursion
under space conditions (next page) are exactly what the
author requested in T.B. 4th report, Apr. 23, 1974 (also
suggested in 1st report, Nov. 7, 1972, 2nd report Dec. 31,
1972 and 3rd report, Jan. 22, 1973). I regret having over-
looked.the considerable importance of this set of curves
in the first review of the long report.
These curves give the following conclusions:
(a) A considerable BSV (ball speed variation)occurred under
space conditions:
(b) The resulting ball excursion was approximately twice the
total looseness available in the cage for this movement.
(c) Relatively large forces were generated, enough to produce
the "squeal" and the "glitsch .
(d) The heat generated would be enough to rapidly reduce the
clearance, and the high contact angle for the ball opposite
the radial load (ball no. 1). The reduced angle would imme-
diately remove the BSV bind, and the expected period for this
heat action would be of the same order of magnitude observed
in the "anomalies": about 4 min. cycles:
(e) The continued heat generation would trigger a complete
thermal bind failure.
3. It is still desirable to investigate what happens to the
size of the BSV with outer-race-control instead of inner-
race-control.
Just before the radial load becomes large. enough to leave
ball no. 1 completely unloaded, the upper balls will cer-
tainly be outer-race-control because the load on the inner-
race will be very small whereas the outer race load is still
the full centrifugal force. This means the lower part-of
the bearing will be inner-race-control contact and the upper
part the opposite.
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4. We can now draw the positive concl.usions that the initial
cause of the failure in CMG-11 and CMG-1 and the anomalies
in CMG-2 was the ball speed variation. The final complete
failure was induced by the subsequent elimination of internal
clearance and the considerable thermal bind: though it is
still possible that the BSV actually broke the cage and
this induced the final failure.
It would have been helpful if we had run this additional
check over a year ago.
5. The cage stability papers by Kannel and Walters are a truly
admirable and a thorough treatment of the cage motions: a
virtuoso computer performance. The reports do not indicate
it, but I presume it includes a full calculation of BSV.
For our work there are only two of these motions and forces
that are appreciable, the cage-race bind and the cage-ball
bind. It is enough to know that these forces are large
enough to produce the "squeal", the speed-drop, the heating,
and ultimately the binding failure. The BSV bind forces 
would
be changed by variation from inner-race-control to outer-race-
control and by probable variations in the coefficient of fric-
tion. However, this does not change the conclusions appreciably
as long as there is a failure. The forces are largely limited
by what it takes to make the ball slide on the 
race.
Fortunately the problem can be completely solved by the
suggested redesign of the retainer: circumferentially elongated
pockets with reduced dlearance at the cage-race contact 
and
axially in the pocketskso that the stability motions are
sharply reduced. This will eliminate all of the BSV binds,
except for the one revolution of the cage (15 millisecs) it
takes to slide the ball into the available free space.
6. A further reduction in the already sparse lubrication could
have been an independent source of failure. The timing makes
this very unlikely: the start in CMG-i at violent motion and
the 4 min. cy.cling. However, the lubrication problem may have
been definitely contributory as did happen with the reduced
radial clearance.
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TECHNICAL SUPPORT TO NCD OF
BENDIX CORPORATION OF ANALYSIS OF
SKYLAB CMG ANOMOLIES
by
J. W. Kannel, D. K. Snediker
J. W. Kissel, and S. S. Bupara
SU MARY AND CONCLUSIONS
The project was conducted in four tasks directed at clarifying
the failure of CMG No. 1 and the abnormalities seen in CMG No. 2 of the
Skylab spacecraft. Task I involved experimental evaluations of lubricant
migration due to creep against a thermal gradient and in the presence 
of
wear debris and polymeric transfer films. Task II involved evaluations of
lubricant leakage through the labyrinth seal. Task III was concerned with
elimination of discrepancies between ball speed variations (BSV) predicted
at BCL and those predicted by a consultant, Mr. Tom Barish. Finally,
Task IV involved an evaluation of the propensity of the retainer to become
unstable.
In general, the research substantiated the earlier conclusion
that the primary cause of failure was a result of lubricant starvation.
Other effects such as BSV could well have contributed to the demise of the
starved bearing. The specific conclusions from the four tasks are as
follows.
Task I. Lubricant Migration Evaluations
The prime lubricant in the CMG will not creep efficiently across
surfaces prerubbed with impregnated synthane. Synthane wear debris also
acts as a creep barrier. This suggests that the ball track area cannot be
replenished by creep.
2Analyses indicate a temperature difference of 6 F exists between
the ball-track area and the shoulder of the CMG bearing. Our tests show that
KG-80 will not creep from cold to hot against as little as a 4 F gradient.
Thus, a relatively hot ball track will cause oil to migrate away and lubricant
replenishment by creep will be retarded.
Task II. Labyrinth Seal Investigation
The estimates made of lubricant flow rate through the labyrinth
seals indicate that the loss by this means is negligible with respect to the
lubricant supply rate to the bearing. Therefore, it is not a factor in
lubricant depletion from the bearing.
Task III. Investigation of Ball Speed Variation
Under lubricated contact, BSV does not loom as a significant
problem. However, when lubricant starvation occurs, BSV can be an instigator
of retainer distress. The worst case for BSV is under the CMG slewing load,
which produces a radial load of about 70 lb (230/sec slew) for an assumed
axial load of 40 lb. The discrepancies between Barish and BCL on this
subject have been clarified and we are in essential agreement on this
subject.
Task IV. Analyses of Separator Stability
Analysis of bearing retainer motions was performed by use of a
bearing-dynamics computer program (BASDAP). For the cases run, the results
show that the retainer operates in a stable mode. Estimates made on the
basis of a retainer stability criterion indicated that unstable motions may
arise if the ball-race lubricant film thicknesses are less than 6 tin.
This magnitude of film thickness may result under starved lubrication
conditions. The computer data also indicated that poor lubrication condi-
tions at the ball-retainer and retainer-race contacts can cause a large
change in bearing torque. Hence, such a condition may be manifested in
the form of torque glitches as observed from the telemetry data.
3FAILURE SCENARIO
The scenario proposed by BCL of the distress of CMG No. 2 and the
failure of CMG No. I is as follows.
The bearing was operating essentially on the initial charge of
lubricant and any additional lubricant that had migrated into the contact
region from the lube-nut during ground testing. During space operation of
the bearing little, if any, lubricant was fed into the bearing as a result
of the following.
(1) The lube feed system directed the lubricant to the
bearing shoulder rather than into the ball-race
contact zone, and
(2) The lubricant could not migrate into the contact
region due to
(a) An unfavorable thermal gradient
(b) Synthane debris and transfer films in the vicinity
of the wear track.
As a result of the combination of factors in the lube supply system, the
bearing eventually starved as a result of squeeze-film leakage, oil migration,
and, possibly, evaporation into the bearing cavity.
As the lubrication condition deteriorated, secondary factors such
as BSV under slew load produced wear debris which
(1) Modified the bearing torque and temperature.
(2) Further aggrevated the migration problem due both
to the unfavorable thermal gradient and to inadequate
lubricant wetting of the ball-track region.
The torque-temperature glitches abated under conditions of increased external
temperature as a result of a shift of the hot region from the ball-race
contact region to the bearing housing (i.e., temporary reduction of the
axial gradient). This thermal shift produced condensation of the lubricant
and favorable lubricant migration. The increased temperature also reduced
the propensity of retainer instability and associated torque glitches. The
glitches also abated simply as a result of disintegration and dispersion
of wear debris.
The remedial action of increasing the bearing cavity temperature
and controlling the CMG slew rates doubtlessly enhanced the life of the
bearing of CMG No. 2.
4INTRODUCTION
On November 23, 1973, Skylab CMG No. 1 incurred a terminal failure.
Careful analysis of the available telemetry data indicated that the most
probable cause of this failure was lubricant starvation of at least one of
the support bearings. At about the same time as the CMG No. 1 failure, the
precursors for that failure were also in evidence in CMG No. 2. In an
effort to salvage CMG No. 2, remedial action was taken based on a lubricant
starvation hypothesis. This action included the following.
(1) Increasing the temperature of the bearing cavity
to encourage lubricant circulation within the
bearing.
(2) Minimizing CMG slewing to reduce bearing damage
due to a combined Ball Speed Variation (BSV) and
lubricant starvation.
Fortunately, CMG No. 2 did satisfactorly survive the remaining portion of the
mission and was eventually commanded dormant at the conclusion of the Skylab
program. However, in order to design future spacecraft to avoid the problems
incurred by CMG's Nos. 1 and 2, research to elucidate the failure hypotheses
has been required.
The purpose of the research program reported herein has been to
evaluate possible mechanisms and manifestations of lubricant starvation and
the probability that the remedial action did in fact extend the bearing
performance. Specifically, the following four tasks have been conducted.
(1) Oil migration studies aimed at evaluating the
circulation (creep) of the lubricant in the
bearing cavity.
(2) Labyrinth seal analyses aimed at determining
lubricant loss through the seal.
(3) Ball speed variation evaluations to clarify some
.minor discrepancies in earlier postulations.
(4) Retainer dynamics calculations to determine the
possible role of retainer instability on torque
glitches.
This report summarizes the results of these tasks.
5TASK I. LUBRICANT MIGRATION EVALUATIONS
Lubricant creep and wetting phenomena have long been of interest
to the gyro designer. Considerable technology has been accumulated with
regard to creep as a depletion and redistribution mechanism in high-speed(1)
ball bearings. Most of this work, conducted at the Naval Research and
C. S. Draper Laboratories (2), has been devoted to the creep of oils away
from a bearing (NRL) and the wettability of new, clean bearing surfaces
(C. S. Draper Lab.). The effects of debris and transfer films from non-
metallic retainer has been largely neglected. Since it appeared that under
certain circumstances, the Skylab CMG oiler could deposit lubricant on the
bearing shoulder rather than into the ball track area, it has been vital
to evaluate the transport of lubricant by creep, or surface migration, from
the shoulder area into the ball track. In addition, we evaluated the creep
of oil in the presence of a modest thermal gradient in order to determine
if the possible gradient between ball track and shoulder would seriously
affect oil replenishment by surface migration.
Estimation of Axial Temperature Gradients
The purpose of this analysis is to estimate the axial temperature
gradient in the bearing. It is assumed that continuous heating occurs at
the ball-race contact zone as a result of ball-spin friction and that this
heat is conducted outward through a "semi infinite" steel medium. The
magnitude of the heat generation is assumed to equal the mechanical energy
dissipation associated with bearing torque. The coordinate system for the
analysis is given in Figure 1.
The two-dimensional (conduction) heat flow equation can be written
V2T(x,y) = 0 (1)
where T is temperature. The assumed boundary conditions are
.x
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7T (x,c) = 0, Tx(O,y) = Tx (L,y) = 0 (2)
and
- for x1<1lSk
y(x,0) = 0 for Ix >l
where Q is the heat flow per unit area into the race-contact region and K
is the conductivity of the steel.
If it is assumed that << 1 then an approximate solution can beL
written
T = LOK
where
8= n22 sin - - )n cos /L exp n L
n=l
Values for 9 as a function of x are given in Figure 2 for y 
= 0. It should
be noted that this solution is only an approximation and that the negative
temperature predictions are an artifact of the analysis. The level of
the approximation is illustrated by the comparison between the actual and
the approximate thermal gradients.
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FIGURE 2. APPROXIMATE SOLUTIONS FOR AXIAL THERMAL GRADIENT ANALYSIS
9Numerical Example:
Assume:
Torque rev 2n m,0.5 (in.-lb)(150)(T) = 235 in.-lb/secq 2 sec
A x Ball track area a 10 b (in.)
K = 5.4 lb/sec F
L = 10 b
QL =qL = 43.5K AK
Then
AT = L = (0.14)(43.5) = 6.1 F
max max K
Thus, for a torque of 0.5 in.-lb, an axial thermal gradient on the order of
6 F is possible. Realistically, this gradient is most likely on the order
of say 2 to 10 F.
Experimental Method
Two general types of vacuum creep tests were carried out in the
-5
apparatus shown in Figure 3. All tests were run at a pressure of 10 torr.
A liquid nitrogen trap was used to prevent back-streaming of pump oil.
To determine the effects on creep of synthane transfer films and
wear debris, the highly-polished circular disk shown in Figure 4 was employed.
The disk was prewetted with KG-80 and the excess was wiped-off after setting
over night. This rest period with a relatively thick oil film was used as
a wettability test for the surface of the plate. The excess oil was then
wiped-off and the disk installed on the spindle in the vacuum chamber. A
lO
1' i
FIGUR 3. OVEL VIE OCRPEXRITL APPATU
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FIGURE 4. DETAIL OF THE CIRCULAR PLATE SPECIMEN USED IN TRANSFER FILM
WETTING EXPERDIENTS (CENTER) AND THE PLATES USED IN THE
THERMIAL GRADIENT EXPERIMENTS (RIGHT)
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block of synthane vacuum impregnated with KG-80 was installed in the rider
shown just behind the spindle in Figure 4. A 500-gram dead-weight load
was applied and the disk was rotated at 2000 rpm for 12-16 hours in vacuum.
This procedure produced a transfer film that was barely discernible with
the naked eye. The system was opened and spots of KG-80, SRG-60, and SRG-160
were placed on the disk such that in creeping outward the oils would intercept
the synthane transfer film and creep inward could proceed uninhibited. The
system was repumped to -10-5 torr and the position of the top edge of the
drops, (the edge nearest the spindle and farthest from the transfer film)
and bottom edge (the edge nearest the transfer film) determined using a
system of mirrors (Figure 4) and a precision cathetometer. Position readings
were taken twice daily for over 400 hours.
The thermal gradient experiment was carried out using the two
polished plates shown to the right of the disk assembly in Figure 4. Two
identical polished plates were fastened on one end to a massive heat sink
attached to the vacuum chamber base plate. A small resistance heater was
installed in the other end. This arrangement made it possible to achieve
and sustain a temperature gradient of 4 to 5 F between the two ends of both
plates. The plates were coated with KG-80, checked for wettability and
wiped in the same manner as previously described in connection with the
large disk. A spot of KG-80 was placed on each plate--on the hot end of
one and the cold end of the other. Baseline spot position readings were
taken using the cathetometer. The system was pumped for -24 hours before
the heater was turned on to produce conditions of 87 F on the cold end and
91 F on the hot end. Migration readings in the form of drop edge (top and
bottom of each drop) positions were taken twice daily.
Results
Figures 5 and 6 summarize the results of the experiments to
determine the oil migration in the presence of a transfer film. The data
from two replicate experiments with KG-80 are summarized in Figure 5 in
terms of the position of the top of each spot, and the bottom of each spot
relative to a reference point as a function of time in vacuum. Recall that
the top edge of each drp.,is that edge that is away from the transfer film
track and is creeping more or less unimpeded over the surface prewetted with
KG-80
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KG-80. Note that the bottom edge of the drop intercepted the edge of the
track within 20 hours and did not cross this barrier in the 340 hours of
the experiment. (The rather rapid migration rate for the first 20 hours
is probably due to spreading rather than creep and might not be expected to
occur in zero g.) As seen in Figure 4, the sister oil, SRG-60, was likewise
impeded by the transfer film. The SRG-160 did not reach the critical region
during the test. After 40-50 hours it was noted that the KG-80 from the
prewetting in the transfer film track had beaded up, indicating a severe
nonwetting condition brought- about by a very thin transfer film of synthane.
A separate, subjective experiment was carried out wherein the
block of synthane, was replaced by a ball riding in a impregnated synthane
pocket which was dead-weight loaded to 600 grams. Rotation of this assembly
on the disk surface produced a credible appearing ball track having a
narrow transfer film band flanked by some debris build up. None of the
oils would cross this barrier in -400 hours of vacuum testing. A posttest
Talysurf revealed no wear of the steel plate. Hence, the barrier consisted
only of synthane debris and transfer film. Other cursory tests indicate
that porous polyimide likewise produces nonwettable surface films and debris
barriers.
The results of the thermal gradient experiments are shown in
Figure 7, 8, and 9. In Figures 7 and 9 the drop migration is expressed as
the position of the top and bottom of the drops as a function of time.
Figure 7 shows the motion of the drop initially placed on the hot end of
one of the plates. Figure 8 shows a sketch of the drop migration in the
course of the 340-hour experiment. Note that the drop migrated to the
cold end of the plate, leaving only a residual film on the hot end
(bottom curve in Figure 7). The drop placed on the cold end of the other
plate showed only 1.6 cm of migration at 87 F (bottom curve; the top of the
drop went off the plate)--a figure that compares favorably to the 1.2 cm
migration observed for KG-80 at 75 F in the transfer film experiment.
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Evaluation of Lubricant Loss Due to Centrifugal Force
One additional possibility for lubricant loss which has been
postulated by Barish (3 ) is associated with the centrifugal-slinging of the
lubricant on the balls and races. Since the bearing rotates at moderately
high speeds (-9,000 rpm) this possibility does loom as a mechanism for
lubricant starvation. However, there are a considerable number of bearings
operating at speeds significantly higher than 9,000 rpm that do not incur
starvation failure. Nonetheless, the unique lubricant circulatory system
used in the CMG poses new questions pertaining to role of centrifugal effects.
To evaluate lubricant loss due to centrifugal action, some cursory
experiments have been conducted using the BCL rolling-disk apparatus. This
apparatus consists of two counter-rotating disks which can be loaded together
into lubricated contact (Figure 10). The apparatus is equipped with various
types of instrumentation including a device for monitoring the extent of
lubrication using an electrical conductivity technique as shown in the
Figure. The disks in the apparatus are 1.42-inch in diameter and can be
rotated at speeds to 20,000 rpm. For the experiment reported here, the
contact load was set so as to produce a maximum Hertz contact stress of
150,000 psi. The instrumentation allows for an assessment of the percentage
of lubrication in this contact. (I.e., 0 percent implies a dead electrical
short across the disks where 100 percent implies an open circuit.)
The sequence for the certifugal starvation experiments was as
follows.
(1) The disks were solvent cleaned and were coated with
a minimum of 150 mg of KG-80 lubricant.
(2) The disks were rotated at the desired speed for
1 minute out of contact to sling off the lubricant.
(3) The disks were brought into contact and the extent
of lubricant film was measured. This was invaribly
(initially) 100 percent film.
02
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(4) The disks were rotated together under load until a
70 percent film indication occurred and a record of
the time for this occurrence was recorded.
(5) The sequence was repeated for other disk speeds. In
all, speeds of 5,000, 7,500, and 10,000 rpm were
evaluated. These speeds should be indicative of range
of rotational speeds in a bearing.
A plot of speed (rpm) versus time for the film to collapse is
given in Figure 11. At no time did instantaneous collapse occur. Further,
the collapse time is primarily related to the number of times the lubricant
passes through contact. That is, lubricant starvation is more related to
the squeeze film effect due to contact pressure than due to centrifugal
force effect. Any speed phenomena beyond this number of cycles was within
the scatter of the data.
Our general conclusion is that centrifugal slinging of the
lubricant is not a uniquely significant factor for the CMG bearing. This
conclusion is heavily supported by the fact that many life-test units as
well as extraterrestial units have operated successfully under centrifugal
slinging conditions that are identical with those experienced by the failed
bearing.
Conclusions
On the b'asis of these simple experiments it is possible to draw
several conclusions.
(1) Nonmetallic retainer materials give rise to oil migration
barriers in the area of the ball track. These barriers
are (a) transfer films that are not wetted by the lubri-
cant, and (b) debris piles that act as physical barriers.
(2) Under conditions of operation wherein bearing contact
angles are changing due to load changes, this nonwetting
area can be somewhat broader than the nominal ball track
and can effectively prevent replenishment of oil in the
critical ball-track region by surface-migration
mechanisms.
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(3) Oil tends to creep from hot to cold(1). A gradient
as low as 4 F, shown by analysis to be reasonable, can
not only prevent oil from creeping into the ball track
region, but can also force oil to migrate away from
the ball-track region.
(4) Lubricant loss due to centrifugal force does not appear
to represent a significant mechanism for the Skylab CMG.
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TASK II. LABYRINTH SEAL EVALUATIONS
The purpose of this task was to analyze lubricant loss rate through
the labyrinth seals in order to assess the possibility that such a mechanism
could be responsible for lubricant depletion within the bearing leading to
bearing failure. The approach taken was to estimate, analytically, the
seal loss rate based on classical flow theory and to compare the computed
values with the lubricant feed rate to the bearing.
It is assumed that molecular flow is the governing mechanism for
flow of lubricant through the labyrinth seals. The supply of lubricant
potentially available for loss through the seals will depend on the
equilibrium condition established by the fluid within the closed chamber.
Here, equilibrium refers to le balance between molecular addition and removal
of lubricant to and from various surfaces of the sealed chamber. The
balance is a function of the vapor pressure and temperature of the fluid
which may vary throughout the chamber. The estimates of lubricant loss rate
based on the foregoing assumptions are summarized below. In the determination
of the estimate, the assignment of parameter values has been conservative so
that lubricant-loss predictions are believed to be somewhat higher than
those which would actually obtain.
Molecular Flow Analysis
Vapor Pressure of KG-80
The driving force for molecular (mass) flow through the labyrinth
is the number and energy level of the molecules of lubricant on the bearing-
chamber side of the annulus (labyrinth). In turn, the number and energy
level are dependent on the state of the lubricant at the bearing surfaces
and at any other of the inner chamber surfaces at which lubricant has
collected. Initially, the potential source for loss through the seals is
small; however, due to creep and to vaporization from the bearing areas and
subsequent condensation on the surrounding walls, an equilibrium condition
will be established wherein the pressure of the lubricant vapor in the
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bearing-chamber side will be the vapor pressure of the lubricant at the
temperature of the lubricant.
Thus, the knowledge of the vapor pressure of the lubricant as a
function of temperature is a critical parameter for estimating lubricant
loss through the seals. Unfortunately, very little data concernirg KG-80
are available for the conditions of interest here. Vapor-pressure data for
(4,5)KG-80 have been estimated by extrapolation of data from other studies
The results of this extrapolation are shown in Figure 12. For example, it
is estimated that the vapor pressure of KG-80 at 100 F is 1 x 10-7 torr.
This value agrees with that quoted by Singer at MIT*, and hence, is taken to
be representative of KG-80. Of note from Figure 12 is the.significant
change in vapor pressure over a very short range of temperature. Also,
concerning the quation of the assumption of molecular-flow regime, Apt
and Wiederhorn (6) calculated a mean-free path of 300 cm (118 in.) for
molecules of an oil having a vapor pressure of 10-6 torr at a temperature
of 290 K (63 F). Based on this, the mean-free path for molecules in the
present situation should be somewhat greater; consequently, the criterion
for the molecular-flow regime--a mean-free path that is greater than any
linear dimension within the chamber--would appear to be justified.
Estimate of Equilibrium Condition within the Sealed Chamber
In molecular flow, the number of molecules that strike a unit area
per unit time is given by
n = n (3)n 4
where n is the number of molecules of gas per cm3 and C is the arithmetical
average velocity of those molecules. C is given by
FI = . (4)
Here, M is the molecular weight of the gas, R is the gas constant
(8.31 x 107 ergs/g-mole/K), and T is the absolute temperature. Substitution
*Personal communication.
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FIGURE 12. VAPOR PRESSURE OF KG-80
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of Equation 4 into Equation 3 and use of the gas law yields
v Np (5)
n (2nRTM)
where p is the pressure and N is the total number of molecules. Equation 5
is multiplied by M/N, the mass per molecule, to obtain the total mass of
material (in grams) per second striking a unit area of 1 cm , i.e.,
v= p TRTM = 1.60 x 10 - 3 p ) T (6)
Here it is assumed that KG-80 has a molecular weight of 598*,
and the operating temperature is 100 F or -310 K. Applying these values
to Equation 6 there results
v = 2.22 x 1010 g/cm /sec (7)
g
The result shown in Equation 7 indicates the evaporation rate of
the lubricant at 100 F. If the vapor contained in the sealed region of the
CMG is in equilibrium and if all of the surfaces within the sealed region
are at uniform temperature, then Equation 7 also represents the rate of
condensation. Hence, the net transfer from any surface is zero. However,
a temperature gradient exists between the bearing surfaces and the walls
of the enclosed chamber. The critical areas for lubricant loss within the
bearings are those of the races and balls. It is estimated that this area
2
amounts to 50 cm. If the surrounding areas of the enclosure are at 60 F
the net loss rate from the bearing based on an exposed area of 50 cm2
could be rather significant (of the order of 40 pg/hr) compared to the supply
*H. Singer, MIT.
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rate to the bearing. However, lubricant depletion from the bearing-race
region by molecular flow is impeded by the annuli formed by the bearing
races and the cage. The total area of the annuli on both sides of the bearing
2is estimated to be 2 cm . On this basis, the loss rate to the surrounding
enclosure at 60 F from the bearing-race region at 100 F is estimated to be
approximately 1.6 pg/hr. Estimates of the net loss from the bearing-race
region to the surrounding walls of the enclosure at 60 F have been made for
a range of bearing surface temperatures. The results are shown in Figure 13.
It is noted that the net loss rates by molecular flow are small compared to
the supply rate to the bearing.
Estimate of Lubricant Loss Through Labyrinth Seals
Equation 7 is taken as the basis for calculating the amount of
lubricant per unit area striking the inner wall in the vicinity of the
labyrinth seals. This is an overestimate inasmuch as it is expected that
the temperature of the lubricant in the vicinity of the seal annulus will
be at a lower temperature than the 100 F level on which Equation 7 is
based. The annular shaft-clearance gap, an integral part of the labyrinth
seal configuration, may be regarded as removal of an area of the wall. To
determine the flow of lubricant vapor through the gap, account is also
taken of the length of the clearance . This produces an additional reduction
to molecular gas flow.
This area of the annular gap clearance may be estimated by
application of the formula
A = 2.03 x 10-2 DC (8)
where D is the shaft OD (inches), C is the seal clearance (mils), and A is
the area (cm2). From drawings of the CMG unit the dimensions involved are
D = 1.812 - 0.001 in.
ID of seal = 1.843 + 0.003 in.
Clearance of seal gap is therefore
C = -18 mils (max)
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and
A = 0.662 cm2
The correction to be made to molecular flow rate through the annulus
is defined by the following:
-13t
K = (L + d) (9)8d
where t/d is the ratio of the thickness of the aperture to its diameter.
The factor is applied as a modification of Equation 6 as follows:
S1.60 x 10 - 3 pK ( ) (10)
The labyrinth seal is composed of seven straight segments, actually
annular lands, and five annular grooved segments--each having a semicircular
cross section of 0.031-inch radius. These annular grooves provide expanded
"pocket" spaces which effectively "turn back" a sizeable fraction of the
escaping lubricant molecules. For simplicity, this special geometry will
be disregarded in the first approach to estimating seal leakage. For this
consideration the clearance gap will be treated as a straight-walled tube of
0.765-inch length. Also, the t/d ratio for this simplified geometry is
-= 0.415d
By applying the annular clearance area and the value for the annulus
length correction, Equation 9, to the lubricant loss estimate, Equation 7,
we obtain
V = -0.46 pg/hrg
-31
The effect of seal clearance on loss through the labyrinth seal based on
the above considerations is shown in Figure 14. The loss rate is estimated
Ito be negligible with respect to the rate supplied to the bearing.
Another method of estimating loss rate through labyrinth seals
is based on gas volume considerations. General conductance is defined as
F = K , (11)
where
F = Conductance, liters/sec
M = Mass of gas molecules, amu.
K = Area factor depending on geometry.
For several conductances in series, the overall conductance is
1
FT = 1 1 (12)
+ + ...F F F1 2 3
This treatment further separates the entrance conductance, Fo, from the
length consideration, F a. The entrance formula is
F = 3.63 A (13)
2
where A = Area of entrance in cm . The formula given for the annulus length
is
F 9.7 (a - a 2 2 (a + a 2 ) (14)
where
al = Radius of outer cylinder, cm
a2 = Radius of inner cylinder, cm
For a shaft of 1.812 in. - 0.001 diameter and a housing of 1.843 in. +
0.003 diameter.
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FIGURE 14. KG-80 LUBRICANT LOSS BY DIFFUSION THROUGH SHAFT LABYRINTH SEAL FOR TEMPERATURE OF 100 F (310 K)
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al + a2 = 4.64 cm
Also, A = 0.765 inches (1.945 cm)
T = -310 K
M = 598 amu.
Substitution of these values in Equation 14 yields:
F = 8.38 x 10-2 liters/sec
a
Also, from Equation 13
FF = 3.63 A (0.518)
O
2
With 0.662 cm
F = 1.73 liters/sec
Finally FT is estimated by applying Equation 12
F = -0.08 liters/sec (15)T 12.48
To convert to mass flow rate,
Q = pF (16)
where
Q = Quantity, torr liters/sec
p = Differential pressure, tdrr
F = Conductance, liters/sec.
In terms of mass,
G =  pFM (17)
1.7 x 10
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By substituting the values found above it is calculated that
G = -1 pg/hr . (18)
This value for mass-flow conductance is about two times as large as the rate
calculated by the previous method. In any case the loss rate estimated
above is negligible when compared with the supply rate to the bearing.
Conclusion
Lubricant loss rate through the labyrinth seal has been estimated
analytically on the basis of molecular flow. First, vapor pressure data for
KG-80 were determined as a function of temperature by extrapolation from
existing data on lubricants in the range of interest. Then, the equilibrium
condition of the lubricant within the sealed chamber was determined in
order to obtain an estimate of the rate of lubricant molecules striking the
labyrinth seal annular area on the inlet side. Estimates indicated that
at 100 F and 10-7 torr vapor pressure, the loss rate through the seal by
molecular flow is 0.5 to 1 pg/hr. This is an overestimate based on a
conservative choice of parameters. Since the predicted loss rate through
the seal is small with respect to the supply rate to the bearing (of the
order of 40 pg/hr) (7) it is concluded that lubricant depletion by molecular
flow is not likely to occur.
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TASK III. BALL SPEED VARIATION (BSV) ANALYSES
The spin-axis bearings for the Skylab CMG's represent a reasonable
configuration for the application. Under well-lubricated conditions, the
bearings should operate indefinitely without failure. However, the bearings
do experience rather severe radial/axial load situations which, under poor
lubrication conditions, can trigger bearing distress. Specifically, under
certain combinations of radial and axial loads considerable variations in
the ball speeds can occur; when this speed variation is large, the variation
in the gap between the balls can be sufficient to "take up" the pocket
clearances. Under extreme BSV, significant ball-pocket loading will occur
which (under starved lubrication conditions) can result (hypothetically) in
retainer .- ar or fracture.
Ball-Pocket Load
During the course of the evaluation of the P-11 test failure, as
well as the Skylab CMG failure, considerable attention has been given to
evaluation of (1) the conditions which promote excessive BSV, and (2) the
effect of BSV on retainer distress. Such BSV studies have been conducted
both at BCL (8'9) and by Barish(3,10,11)
The early conclusion reached in the BCL studies (8 ) was that under
adequate lubrication conditions BSV could not cause retainer failure. That
is, if the ball-race interface contains a complete lubricant (EHD) film,
then the ball can slide as well as roll on the lubricant without generating
severe forces that would be transmitted to the retainer. Thus, even if
severe BSV occurs, the lead and lagging balls would simply slip and accommodate
the excessive excursions. Forces of only about 1 lb would be developed even
under the very severe BSV condition experienced in the P-11 fixture.
Further, these forces would be considerably less in space due to the low
level of axial loading. Nevertheless, lubricant starvation occurs when
a dry contact situation at the ball-race interfaces could produce severe
retainer loading.
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Condition Promoting Excessive BSV
Some consensus seemed to evolve in the P-11 failure reports
pertaining to the fact that a combination of poor lubrication coupled with
BSV would be required to promote bearing distress. However at the demise
of Skylab CMG No. 1 some discrepancies appeared to exist between Barish and
BCL on the conditions promoting excessive BSV. Before discussing the nature
of the discrepancy it is helpful to discuss first the effect of loading on
BSV.
Under pure axial load, all the balls in a perfect bearing will
have the same contact angle and hence wiil rotate at the same velocity.
Under a combined radial and axial load, however, some balls tend twoards
unloading whereas some tend toward an overload condition. Under this -load
combination, all balls experience different contact angles; therefore, they
rotate at different velocities. That is, the velocity of the ball is directly
related to the distance R. (Figure 15) which is the velocity of the inner
race at the point of contact. Ri is, in turn, related to the inner contact
angle Bi.
In the BCL report 9) on the Skylab CMG's a graph of BSV as a function
of radial load was presented. This graph Figure 16 was based on bearing
dynamics calculations at BCL of the type discussed in Reference 8. The
analyses indicated that radial loads in excess of 70 lb (assuming an axial
preload of 40 Ib) could produce excessive BSV which could lead to bearing
distress under poor lubrication conditions. The 70-1b load represents a
slew rate of nominally 30 /sec. The graph was intended to serve as a guide-
line to develop policy to limit CMG slew to the 30 /sec level. A policy to
limit slew rate-was adopted and this policy along with the temperature control
policy did enhance the performance of the CMG--at least for the first few
weeks following the observance of initial indications of failure.
Some discrepancies between Barish and BCL existed concerning the
level of the critical radial load. To reconcile these discrepancies a meeting
was held on May 7, 1974. As a result of the meeting, Barish issued an
addendum(11) to his initial report which implied reasonable agreement with
the BCL predictions.
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Inner-Race Versus Outer-Race Control
A belief which is common among bearing technologists is that
one race controls the ball spin. This hypothesis is an outgrowth of the
assumption of a constant coefficient of friction at the inner and outer
races of contact. That is, the inner and outer contact ellipise (Figure 17)
are somewhat different as a result of different ball-race conformities--both
axially as well as circumferentially. With the coefficient of friction
assumption, the spin torque generated on one race would be different than
the torque or the other and would produce a nonequalibrium situation.
Hence the race with the larger spin torque is classically assumed to "control"
the spin.
In lubricated contact, the ball-race tractions are slip dependent
by virtue of the basic laws of lubrication. As a result, if a ball spins
more than the race, a torque producing counter rotation is generated to
impede the spin. Thus, in lubricated contact, an equilibrium condition can
be achieved which allows for spinning relative to both races and, therefore,
race control is not operative. Nevertheless, under starved-lubrication
conditions, race control can still occur and this will affect the operation
of the bearing and the level of BSV.
The maximum BSV occurs just prior to radial unloading of the
balls (which occurs at around 70 lb)--regardless of the race-control
situation. Therefore, Figure 17 is, at least, qualitatively valid despite
the particular prejudices one may have toward the race-control concept.
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TASK IV. RETAINER STABILITY ANALYSIS
The principal purpose of this task was to appraise, analytically,
the likelihood that retainer instabilities may arise in the bearing 
which
would contribute to the problem of torque glitches. To accomplish 
this
task use was made of (1) a bearing dynamics computer program to compute
bearing motions, and (2) a stability criterion for retainer-ball
interactions.
Description of BASDAP and Input Data
For the investigation of possible retainer instabilities, the
motions of the various elements of the gyroscope bearing were analyzed using
a bearing dynamics computer program named BASDAP. BASDAP couples elasticity,
rigid body dynamics, and hydrodynamic calculations for the balls, 
races,
and the retainer in the bearing.
BASDAP computes ball-, retainer pocket-, and race-contact conditions
as a function of time, operating speed, temperature, load, bearing design
parameters, dimensional tolerances, and lubricant properties. 
The retainer
is considered as a 6-degree-of-freedom rigid rotator with two principal
axes of inertia in a plane perpendicular to the axis of the cylinder forming
the inner surface of the retainer. Computer outputs include positions 
of
the balls and retainer, lubricant-film thickness, ball-race, ball-pocket,
and retainer-race tractions, stresses, and total bearing torque.
The input data required for the computer program which describe
the bearing and lubricant parameters for the Skylab CMG bearing are shown
in Table 1.
In the computer program, stepwise (in time) calculations are made
to determine the motions and positions of the bearing elements. The convergence
or divergence of the numerical computations is subject to an appropriate
choice of time step which in turn depends on the magnitude of the forces
acting within the bearing. For this case, the tractive forces at the ball-
race contacts can be very large because of the high viscosity of the lubricant
(-106 cp) in the contact region. It was found that very small time steps
of the magnitude of 3 x 10-5 secs were required to produce satisfactory
numerical results.
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TABLE 1. INPUT DATA FOR COMPUTER EVALUATIONS OF BEARING PERFORMANCE
Numerical Value
Number of balls 15
Ball diameter, in. 0.3125
Ball mass, lb 0.00448
Pitch radius, in. 0.92
Race curvatures, percent
Outer 0.53
Inner 0.516
Speed (inner race), rpm 9000
Cage mass, lb 0.0088
Cage width, in. 0.423
Cage land width, in. 0.05
Pocket clearance (diametral), in. 0.0165
Cage/inner race clearance
(diametral), in. 0.006
Contact angle, degrees 15
Preload, lb 40
Lubricant viscosity (for KG-80), cp 250
Viscosity at ball-race contact conditions, cp 106
Pressure coefficient of viscosity, psi-1 0.77 x 10
-5
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To assess the possibility of unstable cage operation, suitable
plots of cage motion with time have been made. These are described as
follows.
(1) The axial position of the outside edge of the retainer,
XSV, as viewed from a spatially fixed point.
(2) The radial position of the outside edge of the
retainer, ZSV, as viewed from a spatially fixed point.
(3) The in-plane center-of-mass position of the retainer,
i.e, ZS versus YS. The point ( ZS= 0, YS = 0) corresponds
to the geometric center of the bearing.
These plots are shown and discussed in the following section.
Evaluations of Retainer Motions
In order to perform an evaluation of the retainer motions three
principal cases were run. These are characterized as follows:
Case 1. Establishment of a baseline condition for bearing
operation using the inputs described in Table 1.
Case 2. Assessment of the effect of temperature on the
bearing operation by reducing by an order of
magnitude the ball-race contact-zone viscosity.
Case 3. Assessment of the effect on retainer motions of poor
lubrication conditions at the ball-retainer and
race-retainer contacts.
For all of the cases considered, the ball-race lubricant film thickness was
nominally 45 pin. which is taken to be representative of the lubrication
condition in the actual bearing.
For the conditions of Case 1, the nominal bearing torque was
computed to be 1.5 in.-oz. Graphs of the resulting retainer motionsfor
Case 1 are shown in Figures 18 through 20. The quantities XSV, ZSV, and
ZS and YS which describe the retainer motions have been defined above. The
total time spanned is 1.86 msec which is equivalent to 43 degrees rotation
of the ball group. It is noted that, with respect to the fixed spatial
position, there is a low-amplitude wobble in the retainer and its frequency
is approximately 410 Hz. The computed data did not indicate any abnormally
large changes in torque level as a result of the retainer wobble.
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In Case 2, the effect of temperature on bearing operation was
assessed by assuming that the contact-zone viscosity of the lubricant in
the ball/race contacts was lower by at least an order of magnitude than
that in the previous case (contact zone viscosity P 6 x 104 cp). As a
result of the increase in temperature (lowering of the contact-zone viscosity),
the bearing torque is lower than that for Case 1 and is nominally 0.5 in.-oz.
The retainer position plots comparable to those shown for Case 1 are given
in Figures 21 through 23. The plots for Cases 1 and 2 are quite similar,
the main difference being that in Case 2 the amplitude of the wobble is
less than that in Case 1. The wobble frequency remains essentially the
same for both cases. The computer data showed also that the torque tended
to be more uniform over time for the higher temperature condition than for
the previous case.
For Case 3, it was assumed that conditions of very poor lubrication
existed at the ball-retainer and retainer-race contacts. For this condition,
the computer output data indicated that the balls were intermittently
impacting the retainer. The retainer position curves for this case are
shown in Figures 24 through 26. Of interest is the ZSV-versus-time plot
(in-plane radial motion). The overall frequency of the wobble is approximately
1200 Hz. The small-scale step changes in the retainer position are attributed
to the ball-retainer impacts. The significant factor determined in this
case is that large variations in bearing torque are noted in the computer
data (ranging in the order of 9 in.-oz). From this it is concluded that
poor lubrication at the various retainer contact locations can result in an
indication of a large change in torque time in the bearing over a relatively
long period of time.
In general, the resultsobtained from the three principal cases run
do not show any propensity for the retainer to operate in an unstable node--
even when an initial condition was assumed in which the rotational speed
of the retainer was greater (by 10 percent) than that of the ball group
velocity. The retainer quickly reached a velocity close to that of the ball
group and wobble amplitudes were generally quite low. In a separate study
being performed for the U.S. Government, a stability criterion which
establishes the conditions under which the retainer may become unstable
is being investigated. The criterion is based on the notion of the
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capability of the retainer to damp ball-retainer impacts. The stability
criterion takes the form
4C 2
L >1
MC
c s
where C is a measure of the viscous damping at the ball-race contact (dependent
on lubricant viscosity and ball-race film thickness and contact pressure),
C is a measure of the spring rate of the retainer and ball, and M is the
s c
mass of the retainer. By using this criterion, it is computed that the
film thickness between the ball and race must be of the order of 7 pin. or
less. Such a condition could be obtained under very starved lubrication
conditions and may cause retainer instabilities. These, in turn, may give
rise to large torque variations as noted for the case of poor lubrication at
the ball-retainer and race-retainer contacts.
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Banielie
Columbus Laboratories
505 King Avenue
Columbus, Ohio 43201
Telephone (614) 299-3151
Telex 24- 5454
October 7, 1974
Mr. Richard Abramowitz
Navigation and Controls Division
Bendix Corporation
Teterboro, New Jersey 07608
Dear Rick:
In connection with the Skylab CMG investigation, the question of gravitational
effects on oil feed and distribution was raised. We have studied this problem
from the standpoint of the performance of the oil feed/distribution process,
and offer the following comments for your consideration.
The dominant forces in the oiler itself are centrifugal and are of such a
magnitude that the presence of g~rvity is prcbnblyv isign fict Tht i,
it is unlikely that oiler fead rates, measured atL he ouler lip, will be
influenced by gravity. After leaving the oiler lip, a drop of oil is slung
across a short gap and is caught under a lip on the retainer. Since the gap
is short compared to the kinetic energy of the droplet, this step in the feed
process is probably not appreciably different in zero-g. It is conceivable,
however, that an aerosol could be formed, either by slinging very small drop-
lets off the lip or by larger drops breaking up upon impact with the retainer
and not sticking. I would expect the critical drop size for aerosol formation
to be somewhat larger in zero-g than in one-g. This, however, appears to be
a second order effect and is likely of little consequence.
Once on the retainer surface, a moiety of oil is conducted to the critical
friction interfaces by a combination of centrifugal and surface forces.
None of these transport mechanisms is strongly affected by gravity, unless
oil builds up in sufficient quantity (or thickness) to begin to flow under
the influence of gravity. Such a critical flow point might be just adjacent
to the ball track, where the ball-pass squeeze effect, acting in concert
with wear debris dams and nonwetting due to transfer films from the phenolic
retainer, brings about a quantity of oil that can develop a sufficient meniscus
to respond to a gravitational force. Such menisci have been observed in our
laboratory experiments. If this situation develops (most probably on the outer
race where centrifugal forces are absent), gravity could have an effect on the
quantity of oil in the ball track.
For axis-vertical operation in a one-g field, the bottom oiler is feeding
upward against the gravitational field. The slump effect, adjacent to the
ball track, would tend to deplete the lubricant supply to the outer race of
the bottom bearing. Furthermore, the oil feed on the bottom bearing is
dependent upon surface transport from the shoulder to the groove. Very thin
Mr. Richard Abramowitz 2 October 7, 1974
films will creep under the influence of surface forces and, thus, thin film
transport will tend to be independent of gravity. For thick films having a
sufficient meniscus, gravity will tend to retard feed to the lower bearing
andenhance feed to the top, in an axis-vertical configuration. The position
of the retainer (thought to be critical with regard to the alignment of the
oil transport holes relative to the outer-race groove) will be influenced
by gravity. In an axis-vertical, one-g test, the retainer of the lower bearing
will tend to drop down into its extreme outboard position and the oil holes
will probably be located over the shoulder. The primary oil feed to the
outer-race ball groove will then be by means of the surface transport and
flow, viz., the mechanisms just discussed.
Of the two possible areas of gravitational influences considered, aerosol
formation is likely to be most detrimental in zero-g. Flow effects, on the
other hand, will tend to degrade the oil-supply process in one-g under certain
conditions. Of the two processes, I think the flow effects is most important
and, therefore, the one-g tests are conservative relative to orbital performance.
Aerosol formation, and oiler droplet size is an interesting area for potential
study in the refinement of the oiler concept for long missions. However, I
believe this was a relatively unimportant influence on the Skylab CMG per-
formance.
Very truly yours,
David K. Snediker
Senior Project Manager
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1.0 REQUIREMENT FOR FURTHER INVESTIGATION OF BEARING OPERATION
IN ORBIT
The limited amount of information as to the nature of the
bearing failure in CMG 1 indicated that failure modes in
orbit could be produced by conditions not readily dupli-
cated by on-earth testing.
In order to further investigate phenomena connected with
orbital conditions of weightlessness and hard vacuum, a
study of published material was conducted.
The NASA Scientific and Technical Information Facility,
College Park, Maryland was contacted in order to obtain a
bibliography of applicable documents. They were to provide
a literature search concerning the topic, "Lubricants in
Zero Gravity and High Vacuum" (NASA Literature Search No.
25393, Mar. 23, 1974). This literature search was
reviewed and 59 documents were selected as most likely to
contain information relative to the specific application.
Some were duplications issued under various organizations.
The documents reviewed are listed in Appendix 1. Most
reports originated in the mid-1960's as this was the period
of maximum activity (and minimal actual experience).
2.0 REVIEW OF DOCUMENTS
The documents contained results of investigation analysis
and testing of various lubricants and apparatus. Many
concerned testing and comparison of various types of oils,
greases, solid lubricants, metal films, transfer films,
and combinations of these in hard vacuum (10- 5 to 10-10
torr). *Ref 0, @, 0, , 0, 0. Some contained results
*Circled no's. refer to documents listed in Appendix I.
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of life testing under various conditions simulating the
space enVironment , @ , ®, ,, ). The effects of
other factors of the space environment such as primary
and secondary radiation( ), ®, micro meteroid inpacts
,' , ) and weightlessnessQ , , were also discussed.
A few document actual results of operation in orbit 0, @.
Topics of particular interest included coefficient of
friction investigations( ), ~, , @, 6, oxide formation,
surface chemistry and adhesion (, (, , @, 0,
evaporation loss (, @, 0, @, @, A3, test procedures
used , 63, 6, , , and labyrinth seals 6, 0 , , .
The entire concept of simulation of orbital conditions
for life testing on Earth was questioned in one report D.
One report described high speed 6000 RPM life testing
with greases 6.
There was little information concerning the operation of
large preloaded bearings with oil lubrication only at high
RPM in orbital conditions (which is the case for the ATM
CMG). What data was applicable did not cover areas
actually evaluated with operating CMG's in testing which
simulated space conditions. An evaluation of the ATM
CMG bearings and lubricants was made by Bendix Research Lab
(Ref ®).
Some papers had useful discussions and analyses of lubricant
failure modes. The evaporation loss of KG-80 under various
conditions of vacuum and temperature was determined from
Ref.( ), o , , . The effects of radiation were referred
to, and judged not to be a significant consideration.
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The effects of weightlessness ("0" gravity) were covered
only briefly and affects were limited to feed from lubricant
reservoirs, changes in bearing loads, convective cooling
and suggestions that migration and circulation of lubricant
could be affected. The theoretical effects of weightless-
ness on bulk fluids was thoroughly investigated in Ref.
). These results do not directly apply to thin films or
droplets of lubricant which occur in the bearings. Ref.
~ gave some insight into formation and adhesion of films.
3.0 CONCLUSIONS
The results of the literature search indicate that while
generalized testing programs for conditions to be expected
in a space application are useful, data for each applica-
tion must be determined under specific conditions of the
actual application. While many test programs were documented,
there were none actually dealing with a comparable CMG
application. These documents probably exist (the Bendix
Document Ref. @ is an example); however, they are not
readily available for general information. There is
surprisingly little information generally available for
the behavior of lubricants (for any specific fluids) in a
weightless condition. This is considered (possibly
rightly so) a minor factor in the lubrication mechanisms;
however, the quantitative effect on oil migration with the
system remains in question. The actual behavior of the
lubricant and lubrication system will only be completely
defined when actual behavior in orbit is observed or
bearings which have been in orbit are recovered.
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4.0 APPENDIX I - PAPERS REVIEWED
1. A67-38142 - Lubrication and Wear Fundamentals
for High Vacuum Applications
2. A72-18596 - Transfer Film Formation By Lubricative
Composites
3. A70-34158 - Controlled Leakage Sealing of Bearings
for Fluid Lubrication in a Space Vacuum Environment
4. A70-34157 - Lubrication of DC Motors, Slip Ring
Bearings and Gears for Long Life Space Applications
5. A66-25770 - Lubricants for the Space Environment
6. A69-26893 - A Flywheel for Stabilizing Space
Vehicles
7. A69-18564 - A Short Survey of European Work on
Lubrication in a Vacuum
8. A69-18562 
- Lubrication of Bearings and Gears for
Operation In a Space Environment
9. A64-19124 - Lubricant Behavior in a High Vacuum
10. A74-12319 (73LC-5C-2) - Grease Lubrication of
Rolling Bearings in Spacecraft
11. A73-13012 - Lubrication for Long Terms Aerospace
Applications
12. A68-21757 - Lubrication in Space Vacuum (10- 1 0 Torr)
13. A73-14366 
- The Evaporation of Various Lubricant Fluids
in Vacuum
14. A70-45862 - Design Criteria for Spacecraft Fluid
Mechanical Systems
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15. A68-34169 - Some Aspects of the Surface Chemistry of
Adhesion and of Friction
16. A64-24312 - Long-Duration Lubrication Studies in
Simulated Space Vacuum
17. A68-30318 - Lubricants for the Space Environment
18. NASA TMX-52208 - Lubrication and Beating Problems in
Vacuum of Space
19. NASA TMX-52271 - Lubrication and Wear Fundamentals for
High Vacuum Applications
20. AO635078 (Lockheed) - Lubricant Evaluation
21. A0765300 - Lubricants for Use in the Space Environment
(Bibliography)
22. AO690618 - Effect of Oxide Film on the Friction of
52100 Steel in Vacuum
23. NASA TMX-63606 - Design and Development of a Radial
Load Ball Bearing Test System and Some Preliminary
Results
24. Lubrication and Bearing Problems in the Vacuum of
Space
25. N64-19952 - Lubrication in Space
26. N66-15241 - In Flight Test To Determine Space
Environmental Effects on Friction Wear, and Lubrication
of Materials
27. AO240580 - AEOC-TOR-63-154 - Lubrication Requirements
for Space Environments
28. FL 210/48 - A439678 - Aerospace Lubrication Research
Survey .
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29. 65LC-19 
- Sliding Behavior of Some Lattice
Layer Compounds in Ultra-high Vacuum
30. 1810-TN-7 (A.I.L.) 
- Problems of Lubrication in
Space
31. 66AM 7A2 - Status of Lubricants for Manned Space-
crafts
32. 66AM3C2 
- Advanced Aerospace Greases
33. 62LC-4 
-Lubricant Evaluation for Bearing Systems
Operating in Special Environments
34. 66AM-7A3 - Lubricant Life Tests on Ball Bearings for
Space Applications
35. Report from Lab. Eng. Feb. '61 - Lubrication in
Space
36. 69 LUB-30 , Vacuum Evaluation of Lubricants and
Techniques for Space Exposed Components
37. A70-34145 
- Unique Mechanism Features of ATS
Stabilization Bearing Package
38. N64-29508 NTIS - MRC for JPL - Survey of Frictional
Problems in Spacecraft
39. AD403441 
- Cold Welding in a Vacuum on Annotated
Bibliography
40. N62-12809 (JPL) 
- Behavior of Materials In Space
Environments
41. AD744903 (Lockheed 1972) - Low Torque Control
Bearings
42. A1AA - A632049-7 
- Results of Ranger 1 Flight Friction
Experiment
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43. Weightless; Physical Phenomena and Biological Effects.
Symposium on Physical and Biological Phenomena Under
Zero-G Conditions; Eliott T. Benediht Editor, 1961
Edition Western Per.
44. NASA TMX-64835 - Skylab III and IV Science Demonstrations,
Prelimiinary report Bannister, Tommy C. NASA George
C. Marshall Space Flight Center, Alabama, Mar. 1974.
45. Bearing Verification Tests for the Bendix Apollo
Telescope Mount, 3 April 1968, Bendix Research
Laboratories.
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5.0 APPENDIX II
NASA Literature Search Number
25393
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RESEARCH ON BEARING LUBRICANTS FCR USE IN HIGH VACUUM QUARTERLY
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A/CAMPBFLL, M. E.; B/LAVIK, M. T.
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/*JOURNAL BEARINGS/*LUBRICANTS/*WEIGHTLESSNESS/ PARAPETERIZATI C/
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71X80237* NASA-CR-121393 QPR-3 NAS8-26619 71/08/19 24 PAGES
UNCLASSIFIEO DOCUMENT NASA
RESEARCH ON BEARING LUBRICANTS FOR USE IN HIGH VACUUM CUARTERLY
PROGRESS REPORT, 1 MAY - 31 JUL. 1C71
A/CAMPBELL, M. E.; B/LAVIK, M. T.
MIDWEST RESEARCH INST., KANSAS CITY, MO. (ENGIINEERIG SCIENCES
DIV.)
/*HIGH TEMPERATURE LUBRICANTS/*HIGH VACUUM/*LUBBICANT TESTS/
BINDERS (MATERIALS)/ SOLID LUBRICANTS
66X83462* NASA-CR-77162 NAS3-2534 65/C00/00 3C PAGES
UNCLASSIFIED COCUMENT NASA
MATERIALS FCR POTASSIUM LUBRICATED JOURNAL BEARINGS STATUS REPORT,
APR. 22 - MAY 22, 1965
GENERAL ELECTRIC Cn., CINCINNATI, OHIO. (SPACE POhER AND
PROPULSION SECTION.)
<1965< 30 P REFS
/ ALLOY/ BEARING/ CALIBRATION/ CORROSION/ FRICTION/ HIGH VACUUM/
JOURNAL/ LUBRICATION/ POTASSIUM/ PRESSLRE/ VIBRATICh/ WEAR
71X10339# ISSUE 2 PAGE 68 CATEGORY 15 NASA-CR-1C3060
NAS8-25318 71/01/00 101 PAGES UNCLASSIFIED DOCLMENT GCVT.+
CONTR.
DEVELOPMENT AND CHARACTERIZATION OF LUBRICANTS FCR LSE NEAR NUCLEAR
REACTORS IN SPACE VEI-ICLES
(DEVELOPMENT OF RADIATION STABLE kIDE TEMPERATURE RANGE LUBRICANTS
FOR USE NEAR NUCLEAR REACTOR IN SPACECRAFT ENVIRONMENT)
A/AKAWIE, R. I.; B/BRITTAIN, D.; C/GARDCS, M. I.; C/JCNES, J. P.
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70X15362# ISSUE 14 PAGE 983 CATEGORY 18 AD-e67903
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UNCLASSIFIED DOCUMENT GOVT.+ CONTR.
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DEFENSE DOCUMENTATION CENTER, ALEXANDRIA, VA.
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69X10065*# ISSUE. 1 PAGE 57 CATEGORY 15 NASA-CR-98069
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VACUUM ENVIRONMENTS)
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MIDWEST RESEARCH INST., KANSAS CITY, MO.
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PRESENTED AT THE MATER. CONF., PHILADELPHIA, 31 MAR. - 4 APR.
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/*LUBRICANTS/*SPACECRAFT LUBRICATICN/ FRICTION REDUCTICN/
LUBRICATION SYSTEMS/ SELF LUBRICATING MATERIALS
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AD-822649 67/09/00 34 PAGES UNCLASSIFIED DOCUMENT GCVT.+ CONTP,.
INVESTIGATION OF HICH TEMPERATURE BEARING MATERIALS UNDER
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A/KRYSIAK, J. E.
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CENTER, CLEVELAND, OHIO.
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AIR FORCE MATERIALS LABORATCRY SOLID FILM LUBRICATICN RESEARCH
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A/MC CONNELL, B. D.
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MATERIALS LAB.)
IN ITS PROC. OF THE USAF-SWRI AEROSPACE BEARI G CONF. 30 SEP.
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WEAR
66X12660 ISSUE 5 PAGE 513 CATEGORY 17 64/09/30 18 PAGES
UNCLASSIFIED DOCUMENT GOVT.+ CONTR,
THE ROLE OF ATMOSPHERIC COMPONENTS IN FRICTION, bEAR, AhC BCUNDARY
LUBRICATION
(ROLE OF ATMOSPHERIC COMPONENTS IN FRICTICN AND WEAR CF PETALS ANC
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A/CAMPBFLL* W. E.
RENSSELAER POLYTECHNIC INST., TROY, N.Y.
IN 4FSC PROC. OF THE USAF-ShRI AEROSPACE BEARING CONF. 30 SEF.
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MATERIAL/ MISSION/ OPTICAL/ PERFORMANCE/ SEAL/ SPACE/ SPACECRAFT/
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64X15773# ISSUE 18 CATEGORY 17 FL-21C-53 AD-439844 63/00/00
327 PAGES .UNCLASSIFIED DOCUMENT GCVT.+ CCNTR.
PRnCEEDINGS OF SPACE LUBRICATION CCNFERENCE
(SPACE ENVIRONMENTAL LUBRICATION - SELF-LUBRICATING MATERIAL,
FRICTION AND WFAR, ADHESION BONDING, AND GREASE LUBRICANTS -
CONFEPFNCF)
A/cVANSt H. F.
DEFENSE DEPT., WASHINGTON, D.C.
SEP. 1963 327 P RFS CONF. HELD AT NEW YORK, 3 FAY 1963.
CO-SPONSORED BY NASA AND AM. SCC. CF LUBR. ENGRS.
/*CONFERENCE/*SELF-LUBRICATING MATERIAL/*SOLID LLBRIC4NT/*SPACE
ENVIRONMENT/*SPACE ENVIRONMENTAL LUBRICATION/ ADHESICN/ EONCING/
ENVIRONMENT/ FRICTION/'FUEL/ GREASE/ MATERIAL/ OXIDIZER/ SPACE/ WEAR
~C-' . I11~-VC 1r_ -? rev ,-, \
62X11005 ISSUE ) CATEGORY 17 ASD-TDR-62-541 62/06/00
UNCLASSIFIED COCUMENT MONITORED
(LUBRICATION IN SPACE ENVIRCNMENTS)
A/ADAMCZACK, R. L.; B/BENZING, R. J.; C/SCHhENKER, I.
DIRECTO ATr OF MATERIALS AND PROCESSES, AERCNAUTICAL SYSTEMS CIV.,
WRIGHT-PATTERSON A.F, CHIO.
CIR'CTORATE OF MATERIALS AND FROCESSES, AERONALTICAL SYSTEMS
DIV., WRIGHT-PATTERSON AFB, OHIO. LUBRICATION IN SPtCE ENVIRCNPENTS.
<FINAL REPURT<. R'1BERT L. ADAMCZACKt ROBERT J. BENZING, AND HERBERT
SCHWENKER. JUNE 1962. 18 P. /ASD-TDR-62-541/ AVAILABLE TO U.S.
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/*LUBRICATION/*SPACE ENVIRCNMENT/ ALIPHATIC/ BEARING/ CCOLANT/
OEBRIS/ DESIGN/ ENFRGY/ ENVIRONMENT/ FLUID/ GAS/ GREbSE/ HEAT/
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RELIAFILITY/ SOLID/ SPtCE/ TRANSFER
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INTRODUCTION
This NASA Literature Search has been prepared by NASA/RECON to-provide you
with improved and more rapid service. (The term RECON is derived from REmote
CONsole and is used as the designation for NASA's direct-access, time-shared informa-
tion retrieval service.)
At the end of this search you will find a detailed explanation of the format and the
data elements for the document citations. Also included is information on the availability
of cited literature. Citations pertaining to security classified and/or limited distribution
documents are included under a separate cover, if appropriate to your search request
and user registration.
Your evaluation of the effectiveness of this Literature Search to meet your informa-
tion requirements is earnestly solicited. By completing and returning the enclosed self-
addressed, franked Literature Search Evaluation form you will assist NASA toward its
goal of providing better and more effective service.
Other comments suggestions, or criticism which you have to offer will be appreciated.
Finally, you will note that a form entitled Optional Form for Requesting NASA Literature
Searches is included with this search for your use in any subsequent request. We believe
use of the form will result in preparation of a more satisfactory search.
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72B10469* CATEGLRY 4 M-FS-22119 72/08/00 UNCLASSIFIED DOCUMENT
DOMESTIC
RESEARCH ON BEARING LUBRICANTS FOR USE IN A HIGH VACUUM
(WORK, DURING THE RESEARCH PROGRAM, WAS CONCENTRATEC CN LUBRICANT
DEVELOPMENT, GEAR LUBRICATION AND EVALUATION, PROVICING COATED TEST
SPECIMENS, ADVISING NASA CONTRACTORS ABOUT SOLID LUBRICATICN SPECIFIC
APPLICATIONS, AND INVESTIGATION OF NEW METHOD OF ATIACHING LUBRICATING
SOLIDS TO BEARING SURFACES BY SPUTTERING TECHNIQUE.)
A/CAMPBELL, M. E.; B/HASS, H. A/(MIDhEST RES. INST.); B/(PICWEST
RES. INST.)
/*BEARINGS/*PINDERS (MATFRIALS)/*GRAPHITE/*HIGH
VACUUM/*LUBRICANTS/*MFLTING POINTS/*VCLYBDENUM.DISULFICES/*NOBLE
METALS/*PHOSPHATES/*RESEARCH AND CEVELCPMEKT/*SILICATES
71B10478* CATEGORY 3 ARC-10056 71/12/00 UNCLASSIFIED DCCUMENT
DOMESTIC
IMPROVED MOLECULAR SORBENT TRAP FOR HIGH-VACUUM SYSTEMS
(CLOSED CYCLE REFRIGERATICN LOOP IN -WHICH TRAYS FOLDING MOLECULAR
SORBENT ARE MACE TO SERVE AS COOLING BAFFLES IMPROVES THE PERFCRVANCE
OF HIGH VACUUM SYSTEMS. HIGH PERFORMANCE IS OBTAINEC ITH ALMOST NC
DECREASE IN PUMPING SPEED.)
A/KNECHTEL, F. C.; B/PITTS, h. C.
/*BAFFLES/*COLD WATFR/*COMPRESSING/*CONDENSERS (LIQUIFIERS)/*COOLING
SYSTEMS/*FEEDBACK CONTROL/*FRECN/*HIGH VACUUM/*INDLCTORS/*LICUID
NITROGFN/*LUBRICATING CILS/*MOLECULAR
ABSORPTION/*REFRIGERANTS/*SORBENTS/*STAINLESS
STEELS/*TRAPS/*WELDING
67810379* CATEGORY 5 M-FS-12341 67/10/CC UNCLASSIFIED DCCUMENT
DOMESTIC
MACHINE TESTS SLOW-SPEED SLIDING FRICTION IN HIG- VACUUV
(TESTING MACHINE THAT OPERATES WITHOUT ANY LUBRICATION CF THE
MACHINE ELEMENTS WITHIN THE VACUUM CHAMBER MEASURES STATIC FRICTICN ANC
SLIDING FRICTION AT V'RY LOW SPEEDS. MOVING PARTS ARE HELD TC A
MINIMUM TO SIMPLIFY OPERATION IN THE VACUUM CHAMBER.)
A/SKYRUS, J.; B/WILKINSON, C.
/*AMPLIFIERS/*FRICTION MEASUREMENT/*HIGH VACUUM/*KINETIC
FRICTION/*LUBRICANT TESTS/*MAChINERY/*PEASURING INS1RUMENTS/*METAL
STRIPS/*MOLYBDFNUM CISULFIDES/*PINS/*PLATES (STRUCTLRAL
MEMBERS )/*RECORDING INSTRUMENTS/*SHAFTS (MACHINE ELEMENTS)I/*SIGNAL
ANALYZFRS/*SLICING FRICTION/*STATIC FRICTION/*STRAIN GAGES/*VACUUM
APPARATUS/'WHEATSTONE BRIDGES
.PAGE 1 (ITEMS 1- 3 OF 1381
66810678* CATEGORY 5 LEWIS-359 66/12/CC LNCLASSIFIED DOCUMENT
DOMESTIC
IMPROVED ROLLING ELEMENT BEARINGS PROVIDE LOW TCFCUE AND SMALL
TEMPERATURE RISE IN ULTRAHIGH VACUUM ENVIRCNMENT
(ROLLING ELEMENT BEARING WITH STAINLESS STEEL RACES AND ROLLING
ELEMENTS AND A POROUS BRONZE CAGE SUCCESSFULLY OPERATES IN LLTRAHIGH
VACUUM ENVIRONMENTS AT A LOW TCRQUE AND WITH SMALL 1EMPEPATURE RISE.
ALL COMPONENTS ARE BURNISHED IN MOLYBDENUM DISULFIDE.)
A/GLENN, D. C.
/*BALL BEARINGS/*CONTAMINANTS/*COPPER ALLCYS/*ELECTROIC
EQUIPMENT/*HIGH VACUUM/*LUBRICANTS/*MOLYBDENUM
DISULFIDES/*POLYTETRAFLUOROE THYLENE/*STAINLESS STEELS/*TEMPEPATURE
GRADIENTS/*TIN ALLOYS/*TORQUE
66810165* CATEGORY 3 LEWIS-245 66/C4/C0 UNCLASSIFIEC DOCUMENT
DOMESTIC
GALLIUM ALLOY FILMS INVESTIGATED FOR USE AS BOUNCARY LUBRICANTS
(GALLIUM ALLOYED.WITH OTHER LOW MELTING PCINT MEIALS HAS EXCELLENT
LUBRICANT PROPERTIES OF FLUIDITY AND LOW VAPOR PRESSLRE FOR HIGH
TEMPERATURE OR VACUUM ENVIRONMENTS. THE ADDITION OF CTHER SCFT PETALS
REDUCES THE CORROSIVITY AND FORMATICN OF UNDESIRABLE ALLCYS NORMALLY
FOUND WITH GALLIUM.)
/*BFARING ALLOYS/*COATINGS/*CORROSICN PREVENTION/*FRICTICN
REDUCTION/*GALLIUM ALLCYS/*HIGH TEMPERATURE ENVIRONtENTS/*HIGH
VACUUM/*INDIUM ALLOYS/*LUBRICANTS/*SLIDING FRICTICN/*STAINLESS
STEELS/*TIN ALLOYS/*VAPOR PRESSURE/*WEAR INHIBITCRS/*WEAR TESTS
65B10366* CATEGORY 3 JPL-SC-07 65/12/CC UNCLASSIFIED DOCUMENT
DOMESTIC
UNIQUE GEAR DESIGN PROVIDES SELF-LUBRICATION
(COMPOSITE GEAR CONFIGURATION PROVIDES A RELIABLE AUTCMATIC MEANS
FOR REPLENISHING GEAR MECHANISM LUBRICANTS THAT DISSIPATE IN THE HARSH
ENVIRON'ENT OF SPACE. THE CENTER OR HUB SECTION OF THE GEAR CONSISTS
OF A POROUS, OIL. IMPRECNATED MATERIAL, AND THE OUTER OR TOCTHED SECTICK
HAS RADIALLY DRILLED PASSAGES TO CAUSE THE OIL TO GRADUALLY FLCW TC THE
GEAR TEETH SURFACE.)
A/WINIARSKI, F. J.
/*FLOW VELOCITY/*GEAR TEETH/*GEARS/*LUBRICATING CILS/*PCROUS
MATERIt.LS/*SELF LUBRICATION/*SPACECRA.FT LUBRICATION
63810453* CATEGORY 3 M-FS-54 64/11/CC UNCLASSIFIED DOCUMENT
DOMESTIC
MOLYBDFNUM CISULFIDE MIXTURES MAKE EFFECTIVE HIGH-VACLUM LUBRICANTS
(FIVE DIFFERENT MIXTURES OF MOLYBDENUM DISULFIDE ARE FOUND TC BE
EFFECTIVE BEARING LUBRICANTS WHEN TESTED AT VERY LOh PRESSURES AND HIGHTEMPERATURES.)
/*REARINGS/*ENVIRONMFNTS/*HIGH VACUUM/*LUBRICANT
TESTS/*LUBRICANTS/*MOLYBDENUM CISULFIDES
PAGE 2 (ITEMS 4- 7 OF 138)
63B10337* CATEGORY 3 LEWIS-12 64/05/00 UNCLASSIFIED DOCUPENT
DOMESTIC
GALLIUM USEFUL BEARING LUBRICANT IN HIGH-VACCUM ENVIRCNMENT
(SOLID GALLIUM IS USED AS A LUBRICANT ON BEARINGS MADE CF COMPATIP.LE
MATERIALS. SUCH LUBRICANTS PERFORM WELL IN A HIGH LACLUM A C UNCER LCW
TEMPERATURE.)
A/BUCKLEY, C. H.
/*BEARINGS/*COSTS/*GALLIUM/*HIGH VACUUM/*LOW TEMFERATURE
ENVIRONMENTS/*LUBRICANTS/*STEELS
74A12319 ISSUE 2 PAGE 218 CATEGORY 15 ASLE FREPRINT 73LC-5C-2
73/10/CO 8 PAGES UNCLASSIFIED DCCUMENT
GRE6,SE LUBRICATION OF ROLLING BEARINGS IN SPACECRAFT. I
A/MAHNCKE, H. E.; 9/SCHWARTZ, A. J. B/(SKF ENGINEERING AND
RESEARCH CENTER, KING CF PRUSSIA, PA.) MEMBERS, $1.50; NCNMEMBERS,
$2.00
AMERICAN SOCIETY OF LUBRICATICN ENGINEERS AND AMERICAN SCCIFTY CF
MECHANICAL ENGINEERS, JOINT LUBRICATICN CONFERENCE, ATLANTA, GA., CCT.
15-18, 1973, ASLE 8 P. RESEARCH SPONSORED BY THE SPERRV RAND CCRF.
/*EVAPORATION RATE/*GRFASES/*LLBRICANT TESTS/*RCLLER
BEARINGS/*SPACECRAFT LUBRICATICN/ ACCELERATED LIFE TESTS/ SEALS
(STOPPERS)/ TEMPERATURE EFFECTS/ VACUUM EFFECTS/ VAFCR PRESSURE
74A11446# ISSUE 1 CATEGORY 18 72/12/00 13 PAGES UNCLASSIFIEC
DOCUMENT
SCLID LUBRICANTS FOR SPACE TECHNOLOGY --- HIGH TEMPERATURE ANC
VACUUM ENVIRONMENTS
A/MUKHERJEE, M. K. A/(INDIAN SPACE RESEARCH ORGANIZATICN, VIKRAM
SARABHAI SPACE CENTRE, TRIVANDRUM, INDIA) $1.00
WORLD CONFERENCE IN INDUSTRIAL TRIBOLOGY, 1ST, INCIAN INSTITUTE CF
TECHNOLOGY, NEW DELHI, INDIA., DEC. 11-18, 1972, PAPER. 13 P.
/*HIGH TEMPERATURE LUBRICANTS/*LUBRICANT TESTS/4SOLIC
LUBRICANTS/*SPACECRAFT LUBRICATION/*VACUUM EFFECTS/ BEARINGS/ COMPCSITE
MATERIALS/ TECHNOLOGY ASSESSMENT/ THERMAL VACUUM TESTS
PAGE 3 (ITEMS 8- 10 CF 138)
73A36362# ISSUE 18 PAGE 2370 CATEGORY 33 AIAA PAFER 73-746
73/07/00 13 PAGES UNCLASSIFIED DCCUMENT
MODELING THF EFFECT OF AIR AND CIL UPON THE THERrAL RESISTANCE CF A
SPHERE-FLAT CONTACT.
A/YOVANOVICH, M. M.; B/KITSCHA, W. W. A/(WATEFLCC, UNIVERSITY,
WATERLOO, ONTARIO, CANADA); 8/(WATERLO0, UNIVERSITY, hATERLCC; ATOMIC
ENERGY OF CANACA, LTD., SHERIDAN PARK, ONTARIO, CANADA) M-MBERS,
$1.50; NONMEMBERS, $2.00
AMERICAN INSTITUTE CF AERONAUTICS AND ASTRONAUTICS, TI-ERMCPHYSICS
CONFERFNCE, 8T, PALM SPRINGS, CALIF., JULY 16-18, IS73, 13 P.
RESEARCH SUPPORTED BY THE NATIONAL RESEARCH CCUNCIL CF CANACA.
/*AIR/*CONTACT RESISTANCE/*LUBRICATING CILS/*SLPFACE
PROPERTIES/*THERMAL RESISTANCE/ BEARING/ GAS-SCLID INTERFACES/
LIQUID-SOLID IFITERFACFS/ SPACECRAFT INSTRUMENTS/ SPACECRAFT
LUBRICATION/ THERMAL VACUUM TESTS
73A24250# ISSUE 10 PAGE 1239 CATEGCRY 18 73/00/00 4 PAGES IN
RUSSIAN UNCLASSIFIED DOCUMENT
USAGE OF THE VNII NP-300A LUBRICANT IN GAS-LIQUIC CHRCMATCGRAFHY ANC
HIGH-VACUUM TFCHNOLOGY
A/NAZAROVA, L. I.; B/NIKCNOROV, E. M.; C/LULCV0, N. I.;
D/VOLOBUEV, N. K.; E/KUZ'MINA, A. V. E/(VSESOIUZNYI
NAUCHNO-ISSLECOVATEL'SKII INSTITUT PC PERERABOTKE NEFTI I GAZA I
POLUCHENIIU ISSKUSTVENNOGO ZHIDKOGC TOPLIVA, USSR)
KHIMIIA I TFKHNOLOGIIA TOPLIV I MASEL, VCL. 18, NC. 2, 1972, P.
53-56, IN RUSSIAN.
/*GAS CHROMATOGRAPHY/*HIGH TEMPERATURE LLBRICAKTS/*HIGH
VACUUM/*HYDROCARBONS/*LUBRICATING CILS/ GAS-LIQUID INTERACTIONS/
LUBRICANT TESTS/ THERMAL STABILITY/ VACUUM APPARATUS
73414997 ISSUE 4 PAGE 454 CATEGORY 15 72/11/CO 8 PAGFS
UNCLASSIFIFD COCUMENT
FRICTIONAL BEHAVIOUR OF MCLYBDENUM DISULPHIDE IN HIGH VACUUM.
A/MATSUNAGA, M.; 8/HOSHIMOTO, K.; C/UCHIYAMA, N. 4/(TCKYC,
UNIVERSITY, TOKYO, JAPAN); B/(NATICNAL RESEARCH INSTITUTE FOR METALS,
TOKYO, JAPAN); C/(KANAZAWA UNIVERSITY, KANAZAhA, JAPAN)
WEAR, VOL. 22, NOV. 1972, P. 185-1S2.
/*COEFFICIENT OF FRICTION/*CONIACT
RESISTANCF/*DISULFICES/*LJURRICANT TESTS/*MOLYBDENLM SULFIDES/*SCLIC
LUBRICANTS/ ACFESION/ AOSORPTION/ HIGH VACUUV/ METAL BCNCING/
PROTECTIVE COATINGS/ SLIDING FRICTICN/ TEST EQUIPMENT/ TRANSIENT
RESPONSE/ VACUUM EFFECTS/ hEAR
PAGE 4 (ITEMS 11- 13 OF 138)
73A14366* ISSUE 3 PAGE 335 CATEGORY 18 ASLE PREPRINT 72LC-6C-2
NAS7-100 72/10/00 6 PAGES UNCLASSIFIED DOCUMENT
THE EVAPORATION OF VARIOUS LUBRICANT FLUIDS IN VACUUM.
A/HAMILTON, 0. B. B/OGDEN, J. S. B/(BATTELLE COLUMBUS
LABORATORIES, COLUMBUS, OHIO) MEMBERS, $1.50; NCEMBERS, $2.00
AMERICAN SOCIETY OF MECHANICAL ENGINEERS AND AMERICAN SCCIETY OFLUBRICATION ENGINEERS, INTERNATICNAL LUBRICATICN CChFERENCE, NEW YCRK,
N.Y., OCT. 9-12, 1972, ASLE 6 P.
/*EVAPORATION/*SREASES/*LUBRICANT TESTS/*PERFLUCRO
COMPCUNDS/*SPACECRAFT LUBRICATION/*VACUUM EFFECTS/ ETHERS/ MATERIALS
TJSTS/ OUTGASSING/ TEMPERATURE EFFECTS/ VISCOSITY
:73A13012 ISSUE 3 PAGE 33C CATEGORY 18 72/0C/CO 8 PAGES
UNCLASSIFIED COCUMENT
LUBRICATION FOR LCNG-TERM AEROSPACE APPLICATIONS.(SPACECRAFT LUBRICATION SYSTEMS DESIGN FCR LCKG PISSICN LIFETIMES,
DISCUSSING MECHANICAL CESIGN PARAMETERS AND LIQUID AN SCLIC LUERICAFTCHARACTERISTICS)
. A/HINRICKS, J. T.; B/LORAN, T. J.; C/FRIEBEL, %. R. C/(BALL
BROTHERS RFSEAPCH CORP., BOULDER, CCLC.)
IN NON-METALLIC MATERIALS SELECTION, PROCESSING AND ENVIRCONMENTAL
BEHAVIOR; PROCEECINGS OF THE FOURTH NATIONAL TECHNICAL CCNFERFNCE ANC
EXHIBITION, PALO ALTO, CALIF., OCTOBER 17-19, 1972. (A73-13001 03-18)
AZUSAt CALIF., SOCIETY OF AEROSPACE MATERIAL AND PRCCESS fENGINEERS,
1972, P. 113-120.
/*LONG TERM EFFECTS/*LUBRICATICN SYSTEMS/*SERVICE LIFE/*SPACECRAFT
-LUBRICATION/ AEROSPACE ENVIRONMENTS/ LUBRICATING CILS/ SCLIO
LUBRICANTS/ SOLID-SCOLID INTERFACES/ SPACECRAFT ENVIRCNMENTS/ SYSTEMS
ANALYSIS
73A11886 ISSUE 2 PAGE 211 CATEGORY 30 72/00/00 316 PAGES
.UNCLASSIFIED DOCUMENT
SPACE RESEARCH PHYSICAL AND TECHNICAL PRINCIPLES.
(RUSSIAN BOOK ON PHYSICOTECIFNOLCGICAL BASIS CF SPACE RESEARCH
COVERING NEAR FARTI- ANC INTERPLANETARY ENVIRONMENTAL FACTORS AND
EFFECTS ON SPACECRAFT CESIGNS AND MATERIALS)
A/KROSHKIN, M. G. $12
(TRANSLATION OF FIZIKO-TEKHNICHESKIE OSNCVY KOSMICHESKIKH
ISSLEDOVANII, MOSCOW, IZDATEL'STVO MASHINOSTRCENIE, 1969.) JERUSALEM,
ISRAEL PROGRAM FOR SCIENTIFIC TRANSLATIONS, LTD., 1972. 316 P./*AEROSPACE ENVIRONMENTS/*AEROSPACE SCIENCES/*EARTH
ATMOSPHERE/*INTERPLANETARY SPACE/*SPACECRAFT CESIGN/ AERCSPACF
INDUSTRY/ GEOMAGNGTISM/ RADIATION CAMAGE/ SPACECRAFT CCMPONENTS/
.SPACECRAFT LUBRICATION/ VACUUM EFFECTS
n~~f~ - 6 "W" AS 5 -
72A38391 ISSUE 19 PAGE 2835 CATEGORY 23 72/C8/00 7 PAGES
UNCLASSIFIED DOCUMENT
SELECTING MATERIALS AND HARCWARE.
(HIGH AND ULTRAHIGH VACUUM EQUIPMENT AND COMPONEITS SELECTION,
DISCUSSING GAS-SURFACE INTERACTICNS, CCNTAMINATION AND CLEANING
PROBLEMS)
A/WHEELFR, W. R. A/(VARIAN ASSCCIATES, PALO ALTC, CALIF.)
PHYSICS TODAY, VOl.. 25, AUG. 1972, P. 52-58.
/*CLEANING/*DECONTAMINATION/*HIGH VACUUM/*SURFACE
REACTInNS/*ULTRAHIGH VCUUM/*VACUUM SYSTEMS/ ENVIRCNMENTAL CCNTRCL/
GASKFTS/ JOINTS (JUNCTIONS)/ LUBRICANTS/ OUTGASSING/ VACUUM PUPPS/
VALVES
72A18596 ISSUE 6 PAGE 824 CATEGORY 15 71/00/00 13 PAGES
UNCLASSIFIED COCUMENT
TRANSFER FILM FORMATION BY LUBRICATIVE CCMPOSITES.
(SELF LUBRICATING POLYTETRAFLUOROETHYLENE AND PCLYINICE CCMPCSITES
TRANSFER FILM FORMATION TESTS, STUCYING FILM THICKNESS AND UNIFORMITY)
A/JONES, J. R.; 5/GARDOS, M. N. B/(HUGHES AIRCRAFT CC., CULVER
CITY, CALIF.)
IN INTERNATIONAL CONFERENCE ON SOLID LUBRICATICN, 1ST, CENVER,
COLO., AUGUST 24-27, 1971, PROCEEDINGS. (A72-18583 06-15) PARK RIDGE,
ILL., AMERICAN SOCIETY OF LUBRICATICN ENGINEERS, 1971, P. 185-197.
RESEARCH SPONSORED BY THE HUGHES AIRCRAFT CO.
/*FILM THICKNESS/*LUBRICANT
TESTS/*POLYIMICES/*POLYTETRFLUORCETHYLENE/*SELF LUBRICATING
MATERIALS/*SPACECRAFT LUBRICATION/ BALL BEARINGS/ CCMPCSITE MATERIALS/
CONFERENCES/ MOLYBDENUM DISULFIDES/ PHCTCMICRCGRAPHf/ SLIDING FRICTI.Ch/
THICK FILMS
71A21160 ISSUE 8 PAGE 1298 CATEGORY 15 ASLE PREPRINT 70LC-17
70/10/00 8 PAGES UNCLASSIFIED DOCCUMENT
FRICTION AND WEAR CHARACTERISTICS OF LUBRICATIVE COMPOSITES IN AIR
AND IN VACUUM
(FRICTION-WEAR CHARACTERISTICS CF SELF LUBRICATING COVPCSITES UNDCER
SLIDING CONDITIONS IN AIR AND VACULM)
A/GARDOS, M. N.; B/JONES, J. R. (AA/HUGHES AIRCRAFT CC., CULVER
CITY, CALIF./.) MEMBERS, $0C75, NCNMEMBERS, $1.50.
CHICAGO, ILLINOIS, AMERICAN SCCIETY CF LUBRICATICN ENGINEERS,
AMERICAN SOCIETY OF MECHANICAL ENGINEERS AND AMERICAN SOCIETY OF
LUBRICATION ENGINEERS, LUBRICATICON CCNFERENCE, CINCINNATI, CHIO, CCT.
13-15, 1970.
/*COMPOSITE MATERIALS/*LUBRICANT TESTS/*SELF LUERICAIICN/*SLIGING
FRICTION/*VACUUM EFFECTS/ AIR/ CCNFERENCES/ SPACECRAFT LUBRICATICN/
WEAR
PAGE 6 (ITEMS 17- 19 OF 138)
71A21155 ISSUE 8 PAGE 1322 CATEGORY 18 ASLE PREPRINT 70LC-5
70/10/00 7 PAGES UNCLASSIFIED DCCUMENT
STRUCTURAL MODIFICATIONS OF FLUCRC-ALKYL S-TRIAZINES ANC THEIR
LUBRICANT PROPERTIES
(FLUORO-ALKYL S-TRIAZINES AS HIGH TEMPERATURE LUERICANTS AND ENERGY
TRANSFER FLUIDS FOR AEROSPACE SYSTEMS)
A/SNYDER, C. E., JR. (AA/LSAF, MATERIALS LAB., WRIGHT- PATTERSCI
AFB, OHIO/.) MEMBERS, $0.75, NCNPEMBERS, $1.50.
CHICAGO, ILLINOIS, AMERICAN SOCIETY OF LUBRICATICN ENGINEERS,
AMERICAN SOCIETY OF MECHANICAL ENGINEERS AND AMERICAN SCCIETY CF
LUBRICATION ENGINEERS, LUBRICATICN CONFERENCE, CINCINNATI, CHIC, CCT.
13-15, 1970.
/*ALINES/*ENERGY TRANSFER/*FLUORCHYDROCARBCNS/*FIGH TEMPERATURE
LUBRICANTS/*SPACECRAFT LUBRICATICN/*hORKING FLUIDS/ AEROSPACE SYSTEMS/
CHEMICPL PROPERTIES/ CCNFERENCES/ PHYSICAL PRCPERTIES/ THERMAL
STABILITY
71A16174# ISSUE 5 PAGE 757 CATEGCRY 15 69/0C/00 4 PAGES
TRANSLATION. UNCLASSIFIED DOCUMENT
PERFORMANCE OF SOLIC LUBRICANT COATINGS
(ATMOSPHERIC ANC HIGH VACUUM PERFORMANCE TESTS CF SCLID LUBRICANT
COATINGS BASED ON MOLYRDENUM DISULFIDE)
A/KURILEV, G. V.
RUSSIAN ENGINEERING JOURNAL, VCL. 49, NO. 12, P. 28-31. /VESTNIK
MASHINOSTROENIIA, NO. 12, 1969./
/*INORGANIC COATINcS/*LUBRICANT TESTS/*MCLYBDENLM
DISULFIDES/*PERFORMANCE TESTS/*SOLID LUBRICANTS/ HIGH VACUUM/ HUMICITY/
VACUUM EFFECTS
_70A45862 ISSUE 24 PAGE 4295 CATEGORY 3 SAE PAPER 700781
70/10/00 .4 PAGES UNCLASSIFIED OCCUMENT
DESIGN CRITERIA FOR SPACECRAFT FLUID MECHANICAL SYSTEMS
(SPACECRAFT FLUID MECHANICAL SYSTEM DESIGN, CONSIDERING
ENVIRONMENTS, MATERIALS, LUBRICATICN, ZERO GRAVITY AND INFLIGHT
MAINTENANCE)
A/HUDSON, J. T. (AA/MARTIN MARIETTA CORP., ADVANCEC CCNCEPTS
DEPT., BALTIMORE, MC./.) MEMBERS, $1.00CC, NCNMEMBERS, $1.50.
NEW YORK, SOCIETY OF AUTCMOTIVE ENGINEERS, INC., SCCIETY CF
AUTOMOTIVE ENGINEERS, NATIONAL AERONAUTIC AND SPACE ENGINEERING AND
MFG. MEETING, LOS ANGELES, CALIF., CCT. 5-9, 1970.
/*FLUIOICS/*MECHANICAL DEVICES/*SPACECRAFT DESIGN/*SYSTEMS
ENGINEERING/ CONFERENCES/ SPACECRAFT CONSTRUCTION MATERIALS/ SPACECRAFT
ENVIRONMENTS/ SPACECRAFT LUBRICATICN/ hEIGHTLESSNESS
PAGE 7 (ITEMS 20- 22 OF 138)
70A43325*# ISSUE 22 PAGE 4C47 CATEGORY 15 7C/09/00 16 PAGES
UNCLASSIFIED DOCUMENT
AEROSPACE LUBRICATICN FOR ACVANCEC VEHICLES
(LUBRICATION TECHNOLOGY FOR SPACE SHUTTLES3 DISCLSSING VEHICLES AND
AIRBREATING AND ROCKET ENGINES)
A/JOHNSON, R. L.; 8/MANGANIELLO, E. J.' (AB/NASA, LEWIS RESEARCH
CENTER, CLEVELAND, OHIO/.)
GERMAN SOCIETY OF TRIBOLOGY, ANNUAL MEETING, ESSEN, WEST
GERMANY, SEP. 22, 23, 1970, PAPER.
/*LUBRICATION SYSTFEMS/*SPACE SHLTTLES/*SPACECRAFT LUBRICATICI/ AIR
BREATHING ENGINES/ CONFERENCES/ ROCKET ENGINES
70A35247 ISSUE 17 PAGE 3060 CATEGORY 11 69/CO/O 10 PAGES
UNCLASSIFIED DOCUMENT
THE PUMPING SYSTEM OF THE ULTRA-HIGH VACUUM SPACE ENVIRCNMENTAL
CHAMBER
(CRYOPUMPING SYSTEMS OF ULTRAHIGH VACUUM SPACE ENVIRONMENTAL
CHAMBERS)
A/ASAI, J.; B/NAKAGAWA, H.; C/SASAKI, T.; D/TSLNCDA, R.
(AC/MINISTRY OF POSTS AND TELECOMMUNICATIONS, RADIC RESEARCH
LABS.,ITOKYO, JAPAN/, AD/JAPAN OXYGEN CO., LTD., KAbASAKI, JAPAN/.)
TOKYO, AGNE PUBLISHING, INC., IN- INTERNATICNAL SYMPCSIUM CN
SPACE TECHNOLOGY ANC SCIFNCE, 8TH, TOKYC, JAPAN, AUG. 25-30, 1969,
PROCEEDINGS. P. 481-49C. /A7C- 352C01 17-30/
/*CRYOPUMPING/*SPACE ENVIRONMENT SIMULATICN/*ULIRAHIGH
VACUUM/*VACUUM CHAMBERS/ CONFERENCES/ ION PUMPS/ LLERICATION/ VACUUM
PUMPS
70A34166# ISSUE 1-6 PAGE 2923 CATEGORY 15 7C/00OO/ 8 PAGES
UNCLASSIFIED COCUMENT
EVALUATION OF DRY LUBRICANTS AND BEARINGS FOR SPACECRAFT
APPLICAT INS
(INSTRUMENT SIZE BALL BEARINGS LUBRICATED WITH 8CKDED DRY CR
TRANSFER FILMS IN SIMULATED INTERPLANETARY SPACECRAFT TESTS)
A/KIRKPtTRICK, C. L.; B/YCLNG, b. C. (AB/GENERAL ELECTRIC CC.,
VALLEY FORGE SPACE TECHNOLOGY CENTER, KING CF PRUSSIA, PA./.)
SAN FRANCISCO, J. W. STACEY, INC., IN- AERCSPACE MECHANISMS. PART
8 - BEARINGS ANC SUSPENSIONS. EDITED BY G. G. HERZL. /A7C-34154 16-15/
/AEROSPACE MECHANISMS SERIES. VOLUME 1/, P. 107-114.
/*BALL BEARINGS/*INTERPLANETARY SPACECRAFT/*SOLID LUBRICANTS/*SPACE
ENVIRONMENT SIMULATION/*SPACECRAFT LUBRICATICN/ BONCING/ PERFORMANCE
TESTS/ SERVICE LIFE/ VACUUM EFFECTS
PAGE 8 (ITEMS 23- 25 OF 138)
70A34158# ISSUE 16 PAGE 2923 CATEGORY 15 70/C0/00 7 PAGES
UNCLASSIFIED DOCUMENT
CONTROLLED-LEAKAGE SEALING OF BEARINGS FOR FLUID LUBRICATICN IN A
SPACE VACUUM ENVIRONMENT
S. (CONTROLLED LEAKAGE SEALING OF HYDRODYNAMIC BEARING LLBRICATICN
SYSTEMS FOR SPACE VEFICLES IN SYNCHRONOUS ORBIT)
A/SILVERSHER, H. I. (AA/LOCKHEED MISSILES AND SPACE CC.,
SUNNYVALE, CALIF./.)
SAN FRANCISCO, J. W. STACEY, INC., IN- AEROSPACE MECHANISMS. PART
B - BEARINGS AND SUSPENSIONS. EDITED BY G. G. HERLL. /A7C-34154 16-15/
/AEROSPACE MECHANISMS SERIES. VOLUME 1/, P. 27-33.
/*BEARINGS/*LUBRICATION SYSTEMS/*SEALING/*SPACECRAFT
LUBRICATION/*SYNCHRONOUS SATELLITES/ LEAKAGE/ LONG TERM EFFECTS/ SPACE
MISSIONS/ VACUUM EFFECTS
70A34157# ISSUE 16 PAGE 2923 CATEGORY 15 7C/00/0C 10 PAGES
UNCLASSIFIED DOCUMENT
LUBRICATION OF DC MOTORS, SLIP RINGS, BEARINGS, AN' GEARS FOR
LONG-LIFE SPACE APPLICATIONS
(LUBRICATION SYSTEM FLIGHT PERFORMANCE AND LABCRATORY TEST DATA FCR
SPACE APPLICATIONS, CONSIDERING TORCUE MOTORS, SLIP RINGS, BEARINGS AND
GEARS)
A/MAYER, R. W.; B/PERRIN, B. J. (AA/BALL BRCS. RESEARCH CORP.,
BOULDER, COLO./.)
SAN FRANCISCO, J. W. STACEY, INC., IN- AEROSPACE MECHANISMS. PART
8 - BEARINGS ANC SUSPENSIONS. EDITED BY G. G. HERZL. /A70-34154 16-15/
/AEROSPACE MECHANISMS SERIES. VOLUME 1/, P. 17-26.
/*LUBRICATION SYSTEMS/*PERFORMANCE TESTS/*SPACECRAFT LUBRICATICN/
BEARINGS/ GEARS/ ORGANIC COMPOUNDS/ TORQUE MOTORS/ ACUUM EFFECTS
70A34155# ISSUE 16 PAGE 2923 CATEGORY 15 70/00/00 4 PAGES
UNCLASSIFIFD DOCUMENT
LUBRICATION AS PART OF TOTAL DESIGN
(LUBRICATION ROLE IN AEROSPACE ENGINEERING, DISCLSSING LUBRICANT AND
COMPONFNT SELECTION, ENVIRONMENTAL FACTORS, ETC)
A/CLAUSS, F. J. (AA/LOCKHEED MISSILES AND SPACE CC., SLNNYVALE,
CALIF./.)
SAN FRANCISCO, J. W. STACEY, INC., IN- AEROSPACE MECHANISMS. FART
B - BEARINGS AND SUSPENSIONS. EDITED BY G. G. HERZL. /A7C-34154 16-15/
/AEROSPACE MECHANISMS SERIES. VOLUME 1/, P. 3-6.
/*AEROSPACE ENGINEERING/*LUBRICANTS/*SPACECRAFT LUBPICATICN/
AEROSPACE ENVIRONMENTS/ BALL BEARINGS/ ELECTRIC MOTCRS/ GEARS/ VACUUP
.EFFECTS
PAGE s (ITEMS 26- 29 OF 138)
70A34145*# ISSUE 16 -PAGE 2846 CATEGORY 3 NAS5-9042 70/00/00
9 PAGES UNCLASSIFIED DOCUMENT
UNIQUE MECHANISM FEATURES OF ATS STABILIZATION BCCM PACKAGES
(ATS ATTITUDE STABILIZATION BOOM PACKAGES, DESCRIBING TORQUE
TRANSMISSION, DRUM SYNCHRONIZATION, ELECTRICAL ISCLATICN, LUBRICATICh,
ETC)
A/GRIMSHAW, F. R.; B/LOHNES, R. A.; C/MATTEO, C. N. (AC/GE
VALLEY FORGE SPACE TECINOLOGY CENTER, KING OF PRUSSIA, PA./, AA/SPAR
AEROSPACE PROCUCTS, LTC., .DORONTO, CANADA/.)
SAN FRANCISCO, J. W. STACEY, INC., IN- AERCSPACE MECHANISMS. PART
A - GENERAL APPLICATIONS..,EDITED BY G. G. HERZL. /A70-34101 16-31/
/AEROSPACE MECHANISMS SERIES. VOLUME 1/, P. 399-407.
/*APPLICATIONS TECHNOLOGY SATELLITES/*BOOMS (EQLIPMENT)/*SATELLITE
ATTITUDE CONTROL/ CEPLCYMENT/ GEARS/ MECHANICAL DEVICES/ SPACECRAFT
LUBRICATION/ WEIGHTLESSNESS
70A34115# ISSUE 16 PAGE 2985 CATEGORY 31 7CI00/00 7 PAGES
UNCLASSIFIED COCUMENT
DESPINNING THE ATS SATELLITE
(TWO STAGE YO-YO WITH NUTATION CAMPER FOR DESPINhING ATS SYNCFRChCUS
SATELLITES, DESCRIBING MECHANICAL AND THERMAL DESIGh, LUERICATICn,
ASSEMBLY, TESTING, ETC)
A/DALLAS, J. P. (AA/HUGHES AIRCRAFT CO., LOS ANGELES, CALIF./.)
SAN FRANCISCO, J. W. STACEY, INC., IN- AEROSPACE MECHANISMS. PART
A - GENERAL APPLICATIONS. EDITED BY G. G. HERZL. /A7C-34101 16-31/
/AEROSPACE MECHANISMS SERIES. VOLUME 1/, P. 139-145.
/*APPLICATIONS TECHNOLOGY SATELLITES/*SPIN REDLCTICN/*SYNCHRCNCUS
SATELLITES/*YO-YO CEVICES/ COST REDUCTION/ MECHANICAL DEbICES/
PERFORMANCE TESTS/ SPACECRAFT LUBRICATICN/ SPACECRAFT RELIABILITY/
VACUUM EFFECTS
70A33811# ISSUE 16 PAGE 2920 CATEGORY 15 69/00/00 13 PAGES
UNCLASSIFIED CDOCUMENT
SLIP RING ASSEMBLIES FOR SPACECRAFT DEVICES
(SLIP RING ASSEMBLIES FOR SPACECRAFT DEVICES, EALUATING SLICING
ELECTRICAL CONTACT INDUSTRY TECHNOLOGICAL CAPABILITIES)
A/GLOSSBRENNER, E. W. (AA/LITICN INDUSTRIES, INC., FOLY-
SCIENTIFIC DIV., BLACKSRURG, VA,/.)
BLACKSBURG, VA., LITTON INDUSTRIES, INC., IN- VIRGINIA
POLYTECHNIC INST. AND LITTON INDUSTRIES, SEMINAR ON SLIDING ELECTRICAL
CONTACTS IN VACUUM AND SPACE, VIRGINIA POLYTECHNIC INST., 8LACKSBURG,
VA., SEP. 30- OCT. 1, 1969, PROCEEDINGS* P. 79-90. /A70-33805 16-15/
/*ELECTPIC CONTACTS/*RING STRUCTLRES/*SLIDING CCNTACT/*SPACECRAFT
COMPONFNTS/*SPACECRAFT LUBRICATICN/ CONFERENCES/ LLBRICATION SYSTEMS/
MOLYBDENUM DISULFIDES/ NIOBIUM COMPCUNOS
PAGE 1C (ITEMS 29- 31 CF 138)._
70A33810# ISSUE 16 PAGE 2920 CATEGORY 15 69/00/00 8 PAGES
UNCLASSIFIED DOCUMENT
PERFORMANCE OF SOLIC LUBRICATED CONTACTS FCR SPACECRAFT
(SOLID LUBRICATEC CONTACTS PERFORMANCE IN NIMBUS AND CAC SPACECRAFT,
DISCUSSING SLIP RING ASSEMBLY AND NOISE PROBLEMS IN AG-GRAPHITE
BRUSHES)
A/ORABEK, S.
BLACKSBURG, VA., LITTON INDUSTRIES, INC., IN- VIRGINIA
POLYTECHNIC INST. ANO LITTON INDUSTRIES, SEMINAR ON SLIDING ELECTRICAL
CONTACTS IN VACUUM AND SPACE, VIRGINIA POLYTECHNIC INST., BLACKSeURG,
VA., SEP. 30- OCT. 1, 1969, PROCEEDINGS. P. 71-77. /A70-33805 16-15/
/*ELECTRIC CONTACTS/*NIMBUS SATELLITES/*OAO/*SCLID
LUBRICANTS/*SPACECRAFT LUBRICATICN/ CCNFERENCES/ MCLYOeDENU DISULFICES/
PERFORMANCE/ RING STRUCTURES/ SATELLITE INSTRLMENTS/ STAR
TRACKERS
70A33809*# ISSUE 16 PAGE 2920 CATEGORY 15 69/00/00 23 PAGES.
UNCLASSIFIED DOCUMENT
SLIDING ELECTRICAL CONTACTS FOR UNMANNED SCIENTIFIC SATELLITES
(SLIDING ELECTRICAL CONTACTS FCR UNMANNED SCIENTIFIC SATELLITES,
DISCUSSING NIMBUS AVCS CAMERA IRIS MCTORS)
A/BABECKI, A. J. (AA/NASA, GCODARD SPACE FLIGHT CENTER, SYSTEMS
DIV., GREENeELT, MD./.)
BLACKSRURG, VA., LITTON INDUSTRIES, INC., IN- VIRGINIA
POLYTECHNIC INST. ANC LITTON INDUSTRIES, SEMINAR ON- SLIDING ELECTRICAL
CONTACTS IN VACUUM AND SPACE, VIRGINIA POLYTECHNIC INST., BLACKSEURG,
VA., SEP. 30- OCT. 1, 1969, PRCCEEDINGS. P. 49-70. /A70-33805 16-15/
/*FLECTRIC CONTACTS/*SCIENTIFIC SATELLITES/*SLICING
CONTACT/*SPACECRAFT CONSTRUCTION MATERIALS/ CAMERA SHUTTERS/
CONFERENCES/ NIMBUS SATELLITES/ OAC/ SATELLITE INSTRVENS/ SPACECRAFT
.LUBRICATION/ STAR TRACKERS'
70A29120# ISSUE 13 PAGE 2419 CATEGORY 15 70/05/00 6 PAGES
UNCLASSIFIED DOCUMENT
LUBRICANTS FOR SPACE, II
(VACUUM EVALUATION OF LUBRICANTS AND TECHNIQUES APPLICABLE TC
MINIATURE BALL BEARINGS AND INSTRUMENT BALL BEARINGS AND INSTRUMENT
GEARING FOR SPACE SYSTEMS)
A/HARRIS, C. L. (AA/ELLIOTT BRCS. /LONDCN/I LTC., ELLICTT SPACE
AND WEAPONS RESEARCh LAS., FRIMLEY, SURREY, ENGLAND/.)
MECHANICAL ENGINEERING, VOL. 92, P. 48-53.NEh YCRK, RESEARCH
UPPORTED BY THE MINISTRY OF TECHNCLOGY. /AMERICAN SOCIETY OF
LUBRICATION ENGINEERS AND AMERICAN SOCIETY OF MECHANICAL ENGINEERS
JOINT LUBRICATION CONFERENCE, FOUSTON, TEX., CCT. 13-16, 1969./
/*BALL BEARINGS/*GEARS/*SPACECRAFT LURRICATION/*VACUUM EFFECTS/
CONFERENCES/ LOADS (FORCES)/ SELF LUBRICATION/ TORCLE/ VIBRATION
EFFECTS
PAGE 11 (ITEMS 32- 34 OF 138)
70A17780# ISSUE 6 PAGE 1141 CATEGORY 30 69/CO/00 6 PAGES IN
FRENCH IN FRENCH. UNCLASSIFIED DOCUMENT
DESCRIPTION OF SOME IMPORTANT APPLIED RESEARCH IN THE SPACE FIELC
(APPLIED SPACE RESEARCH COVERING PHOTOVOLTAIC CELLS, ELECTRIC
PROPULSION, ONBOARD CATA STORAGEt VACUUM LUBRICATICF AND NASA-EURCPEAN
ORGANIZATIONS PUDGETS)
A/BOCHET, J.-C. (AA/ESRO, PARIS, FRANCE/.)
SCIENCES ET INDUSTRIES SPATIALES, VOL. 5, NO. 7-8, P. 19-23, 51.
/*BUDGETING/*DATA STORAGE/*ELECTRIC PROPULSION/*PHCTCVCLTAIC
CELLS/*SPACECRAFT LUBRICATION/ AERCSPACE INDLSTRY/ ENERGY CCNVERSICN/
EUROPEAN SPACE PROGRAMS/ NASA PROGRAMS/ ONBOARD EQUIPMENT/ TECHNCLCGY
UTILIZATION
70A17340 ISSUE 6 PAGE 1075 CATEGORY 15 69/CC/0C 10 PAGES
UNCLASSIFIED DOCUMENT
TESTING SOLID LUBRICANTS
(SOLID LUBRICANTS FRICTION AND WEAR BENCH TESTING UNDER SIMULATED
SPACE ENVIRONMENT)
A/AZZAM, H. T. (AA/DOW CORNING CORP., TRUMBULL, CCN*./.)
NORTH HOLLYWOOr, CALIF., WESTERN PERIODICALS CC., CONVENTION
SPONSOR=D dY THE INST. OF ELECTRICAL AND ELECTRONICS ENGINEERS AND T-E
WESTERN ELECTRONIC MANUFACTURERS ASSN. /IECP SYMPOSIUM RECORD. VOLUME
10/, DATE- 1969. IN- WESTERN ELECTRONIC SHCW AND CONVENTICN,
INTERNATIONAL ELECTRONIC CIRCUIT PACKAGING SYMPOSIUM, SAN FRANCISCO,
CALIF., AUG. 20, 21, 169, PROCEEDINGS. PART 7, P. 3/2 1-3/2 10.
/A70-17334 06-09/
/*SOLID LUBRICANTS/*SPACE ENVIRONMENT SIMULATICN/*SPACECRAFT
LUBRICATION/*WEAR TESTS/ CCNFERENCES/ DEEP SPACE/ SERVICE LIFE
70A11693# ISSUE 2 PAGE 360 CATEGCRY 30 69/CC/00 288 PAGES IN
RUSSIAN IN RUSSIAN. UNCLASSIFIED CCUMENT
PHYSICOTECHNOLOGICAL BASIS CF SPACE RESEARCH
(SOVIET BOOK ON PHYSICOTECHNOLCGICAL BASIS CF SPACE RESEARCH
COVERING NEAR FARTI AND INTERPLANETARY ENVIRONMENTAL FACTORS AND
EFFECTS ON SPACECRAFT CESIGNS AND MATERIALS)
A/KROSHKIN, M. G.
MOSCOW, IZDATEL'STVO MASHINCSTROENIE,
/*AEROSPACE ENVIRONMENTS/*AERCSPACE SCIENCES/*INTERPLANETARY
SPACE/*SPACECRAFT CESIGN/ AEROSPACE INDUSTRY/ EARTH ATMOSPHERE/
RADIATION DAMAGE/ SPACECRAFT COMPCNENTS/ SPACECRAFT LUBRICATICN/ VACUUM
EFFECTS
PAGE 12 (ITEMS 35- 37 OF 138)
70A10379# ISSUE 1 PAGE 100 CATEGORY 15 ASME PAPER 69-LUB-30
69/10/00 13 PAGES UNCLASSIFIED OCCUMENT
VACUUM EVALUATION OF LUBRICANTS AND TECHNIQUES FCR SPACE-EXPCSEO
COMPONENTS
(VACUUM EVALUATION OF LUBRICANTS AND TECHNIQUES APPLICABLE TC
MINIATURE BALL BEARINGS AND INSTRUMENT GEARING FOR SPACE SYSTEMS)
A/HARRIS, C. L. (AA/ELLIOTT BROTHERS /LONDCN/, LTD., ELLIOTT SPACE
AND WEAPONS RESEARCH LAB., FRIMLEY, SURREY, ENGLANO/.) MEMBERS,
$0.75, NONMEMBERS, $1.50.
NEW YORK, AMERICAN SOCIETY CF MECHANICAL ENGINEERS, RESEARCH
SUPPORTED BY THE MINISTRY OF TECHNOLOGY. AMERICAN SOCIETY CF
LUBRICATION ENGINEERS AND AMERICAN SOCIETY OF MECHANICAL ENGINEERS,
JOINT LUBRICATION CONFERENCE, HOUSTON, TEX., OCT. 13-16, 1969.
/*BALL.BEARINGS/*GEARS/*SPACECRAFT LUBRICATION/4VACUUM EFFECTS/
CONFERENCES/ LOADS (FORCES)/ SELF LUBRICATION/ TORCLE/ VIBRATION
EFFECTS
69A26893# ISSUE 12 PAGE 2175 CATEGORY 31 69/CO/00 5 PAGES
UNCLASSIFIED DOCUMENT
A FLYWHEEL FOR STABILIZING SPACE VEHICLES.
(SPACE VEHICLE ATTITUDE STABILIZATION BASED ON RCTATING FLYWHEEL
RESISTANCE TO CHANGES IN ROTATION AXIS ATTITUDE, NCTING GREASE
LUBRICATED HYDRODYNAMIC BEARING SYSTEM)
A/REINHOUDT, J. P. (AA/PHILIPS' GLOEILAMPENFABRIAKEN, PHILIPS
RESEARCH LABS., EINCHOVEN, NETHERLANDS/.)
PHILIPS TECHNICAL REVIEW, VOL. 30, NO. 1I P. 2-6.
/*ATTITUDE STABILITY/*FLYWHEELS/*SATELLITE CRIENTATICN/*SPACECRAFT
STABILITY/ ANTIFRICTION BEARINGS/ GREASES/ JOURNAL EEARINGS/ SPACECRAFT
.LUBRICATION/ STABILIZATION
69A18564 ISSUE 7 PAGE 1138 CATEGORY 15 IME PAPER 10 69/01/CO
8 PAGES UNCLASSIFIED DOCUMENT
A SHORT SURVEY OF EUROPEAN WORK CN LUBRICATION IN VACUUM.
(EUROPEAN RESEARCH ON ULTRAHIGH VACUUM LUBRICATICN IN SPACE
ENVIRONMENTS, EMPHASIZING FRICTION OF IATERIALS UNDER VARICUS LCADINGS
AND TEMPERATURES)
A/BRISCOE, H. M.; B/DAUPHIN, J. (AB/EURCPEAN SPACE RESEARCH
ORGANIZATION, EUROPEAN SPACE RESEARCH AND TECHNOLOGY CENTRE, NOORCWIJK,
>NETHERLANDS/.) $7.20 PER SET OF 12.
LONDON, ENGLANC. INSTITUTION CF MECHANICAL EGCINEERS,
INSTITUTION OF MECHANICAL ENGINEERS, SYMPOSIUM ON LLBRICATION IN
HOSTILE ENVIRONMENTS, LONDON, ENGLAND, JAN. 15, 16, 1969.
/*AEROSPACE ENVIRONMENTS/*FUROPEAN SPACE
PROGRAMS/*FRICTION/*SPACECRAFT LUBRICATION/*ULTRAHIGH VACUUM/ BEAR INGS/
CONFERENCES/ LOAD TESTS/ TEMPERATURE EFFECTS
PAGF 13 (!TFMS 38- 40 OF 138)
0 1 "m OWN%
69A18562 ISSUE 7 PAGE 1138 CATEGORY 15 IME PAPER 6 69/01/00
13 PAGES UNCLASSIFIED DOCUMENT
LUBRICATION OF BEARINGS AND GEARS FOR OPFRATION IN A SPACE
ENV IRONMENT.
(MINIATURE BALL AND JEWEL BEARINGS AND GEAR LUBRICATICN IN ULTRAHIGH
VACUUM TESTS FOR SPACE ENVIRONMENT OPERATION)
A/HARRIS, C. L.; B/WARhICK, M. G. (AB/ELLIOTT-AUTOATICN, LTC.,
PSPACE AND WEAPONS RESEARCH LAB., CAFBERLEY, SURREY, ENGLANC/.) $7.20
PER SET OF 12.
LONDON, ENGLAND, INSTITUTION OF MECHANICAL ENGINEERS, RESEARCI
SUPPORTED BY THE MINISTRY OF TECHNCLCGY. INSTITUTICN OF MECHANICAL
ENGINEERS, SYMPOSIUM ON LUBRICATICN IN HOSTILE ENVIFCNMENTS, LONCCN,
ENGLAND, JAN. 15, 16, 1969.
/*ANTIFRICTION BEARINGS/*GEARS/*LUBRICATION/*SPACE EIVIRONMENT,
SIMULATION/*WEAR TESTS/ BALL BEARINGS/ BONDING/ CCMFCSITE MATERIALS/
CONFERENCES/ FRICTION REDUCTION/ LIFE (DURABILITY)/ PCRCLS MATERIALS/
SOLID LUBRICANTS/ ULTRAHIGH VACUUM/ VAPOR PRESSURE
69A18561 ISSUE 7 PAGE 1138 CATEGORY 15 IME PAPER 7 69/01/00
13 PAGES UNCLASSIFIED DOCUMENT
FRICTION AND WEAR STUDIES IN ULTRA-HIGH VACUUM AhC THE EVALUATICN CF
ELECTRICAL SLIP-RINGS.
(DRY SLICING FRICTION AND WEAR IN ULTRAHIGH VACLLM, EMPHASIZING SLIP
RINGS AND BRUSHES FOR SPACE APPLICATIONS)
A/HARRIS, C. L.; 8/WYN-ROBERTS, D. (AB/ELLICTI-AUTCMATICN, LTC.,
SPACE AND WEAPONS RESEARCH LAB., CAMBERLEY, SURREY, ENGLAND/.) $7.20
PER SET OF 12.
LONDON, ENGLAND. INSTITUTION OF MECHANICAL ENGINEERS,
INSTITUTION OF MECHANICAL ENGINEERS, SYMPOSIUM ON LLBRICATIC IN
HOSTILE ENVIRONMENTS, LONDON, ENGLAND, JAN. 15, 16, 1969.
/*DRY FRICTION/*ELECTRIC CONTACTS/*SLIDING FRIC1ION/4ULTRAHIGH
VACUUM/*WEAR TFSTS/ BRLSHES/ CCNFERENCES/ FRICTION REDUCTICN/ GEARS/
LUBRICATION/ SPACE ENVIRONMENT SIMULATION/ STATIC FPICTICN/ VAPOR
PRESSURE
69A17046# ISSUE 6 PAGE 945 CATEGORY 18 68/08/00008 PAGES
UNCLASSIFIED COCUMENT
ACHIEVEMENTS IN STUCIES OF PROPERTIES OF MATERIALS USED FCR SPACE
OBJECTS AND THEIR USE IN INDUSTRY.
(SATELLITE, SPACECRAFT AND ROCKET COMPONENTS CCAIINGS AND
LUBRICANTS, NOTING FIGH RADIATION RESISTANCE OF PCLVIMIOES)
A/KONRADI, G. G.; 8/KOZELKIN, V. V.; C/NCVITSKII, L. A.;
D/SHVAREV, V. V.
UNITED NATIONS, CONFERENCE ON THE EXPLORATION AND PEACEFUL USES
OF OUTER SPACE, VIENNA, AUSTRIA, AUG. 14-27, 1968, FAPER.
/*POLYIMIDES/*PROTECTIVE CO4TINGS/*RADIATICN TOLERANCE/*SPACECRAFT
LUBRICATION/ CONFERENCES/ POLYTETRAFLUOROETHYLENE/ FCLYVINYL CHLCRICE/
TECHNOLOGY UTILIZATION/ U.S.S.R. SPACE PROGRAM
PAGE 14 (ITEMS 41- 43 OF 138)
69A11766 ISSUE 2 PAGE 252 CATEGORY 15 68/00/00 18 PAGES
UNCLASSIFIED DOCUMENT
SPACE MECHANISM LUBRICATION.
(SPACE LUBRICATION SYSTEM FCR ORBITING SOLAR CBSERVATCRY PRCGRAM,
DISCUSSING THEORETICAL HIGH VACUUM PRINCIPLES AND FLIGHT PERFORMANCE
AND ENVIRONMENTAL TEST DATA)
A/MAYER, R. W.; B/PERRIN, B. J. (AA/BALL BROT-ERS RESEARCH CCRP.,
BOULDER, COLO./.)
TARZANA, CALIF., AMERICAN ASTRONAUTICAL SOCIETY, SYMPCSIUM
SPONSORED BY THE AMERICAN ASTRONAUTICAL SOCIETY ANC THE AMERICAN INST.
OF AERONAUTICS AND ASTRONAUTICS. IN- SPACE PROJECTIONS FRCM THE RCCKY
MOUNTAIN REGION, PROCEEDINGS OF THE SYMPOSIUM, DENVER, CCLC., JUL. 15,
16, 1968. VOLUME 3. <A69-11755 02-11<
/*ENVIRONMENTAL TESTS/*LUBRICATICN SYSTEMS/*OSC/*SPACECRAFT
LUBRICATION/*VACUUM EFFECTS/ CCNFERENCES/ GRGUND TESTS/ HIGH VACUUM/
ORGANIC LIQUIDS/ PERFORMANCE TESTS/ SPACE PRCGRAMS
68A43941 ISSUE 23 PAGE 4387 CATEGORY 11 68/CO/00 7 PAGES
UNCLASSIFIED DOCUMENT
A MULTIPLE ENVIRONMENT TEST SYSTEM FOR CCMBINED ENVIRCNMENT SPACE
SIMULATION.
(FLEXIBLE SYSTEM FOR ENVIRONMENT TESTING CF INSTRLMENT BEARING
LUBRICANTS)
A/TIERNEY, W. L. (AA/LOCKHEED AIRCRAFT CORP., LCCKHEED MISSILES
AND SPACE CO., SUNNYVALE, CALIF./.)
NORTH HOLLYWOOD, CALIF., WESTERN PERIODICALS CC. /SYMPOSIUM
RECORD. VOLUME 9/, CONVENTION SPONSORED BY THE INST. OF ELECTRICAL A!D
ELECTRONICS ENGINEERS AND THE WESTERN ELECTRCNIC MANL.ACTURERS ASSN.
IN- WESTERN ELECTRONIC SHOW ANC CONVENTICN, INTERNATIONAL ELECTRCNIC
CIRCUIT PACKAGING SYMPOSIUM, LOS ANGELES, CALIF., ALG. 19 20, 1968,
PROCEEDINGS. <A68-43935 23-09< P. 4/3-1 TO 4/3-7.
/*ELECTRONIC EQUIPMENT TESTS/*ENVIRONMENTAL TESTS/*SPACE
ENVIRONMENT SIMULATION/*TEST FACILITIES/ BEARINGS/ CCNFERENCES/
HARDWARE/ LUBRICANTS/ SYSTEMS ENGINEERING/ TABLES (CATA)
nAr 0! ' " r' I rT Tr- V 1- 1
68A38760* ISSUE 20 PAGE 3779 CATEGORY 15 68/CIO00 14 PAGES
IN FRENCH IN FRENCH. UNCLASSIFIED DOCUMENT
PROBLEMS OF LUBRICATION AND BEARINGS IN SPACE VACUUM
(LUBRICATION AND BEARINGS IN SPACE VACUUM ENVIRCIMENT, EXAMINING
GREASE, LIQUID AND SEMISOLIDS EVAPCRATION RATE BY LANGMUIR EQUATI N)
A/BISSON, E. E. (AA/NASA, LEWIS RESEARCH CENTER, CLEVELAND, CHIC/
COURTEL, R. /CENTRE NATIONALE DE LA 'RECHERCHE SCIENTIQUE, BELLEVUE,
HAUTS-DE-SEINE, FRANCE/.)
PARIS, INSTITUT FRANCAIS DES CCMBUSTIBLES ET CE L'ENERGIE, IN-
STATES OF MATTER UNCER TIES EXTREME EFFECTS OF VERY FIGH AND VERY LCW
TEMPERATURES, AND VERY HIGH AND VERY LCW PRESSURES, INSTITUT FRAhCAIS
DES COMBUSTIBLES ET DE L'ENERGIE, INTERNATIONAL CCGFERENCE, 7TH, PARIS,
FRANCE, APR. 4-8, 1967, PROCEEDINGS <ETATS DELA MATIERE SOUS LES EFFETS
EXTREMES DES TRES HAUTES ET TRES EASSES TEMPERATURES, TRES HAUTES ET
TRES BASSES PRESSIONS, INSTITUT FRANCAIS DES CCMBUSIIBLES ET DE
L'ENERGIE, JOURNEES INTERNATIONALES, 7TH, PARIS, FRANCE, APR. 4-8,
1967, PROCEEDINGS<. <A68-38739 2C-23< P. 529-542.
/*AEROSPACE ENVIRONMENTS/*BALL BEARINGS/*EVAPORATION
RATE/*SPACFCRAFT LUBRICATION/*VACUUM EFFECTS/ CONFERENCES/ LUBRICATING
OILS/ SOLID LUBRICANTS
68A34571 ISSUE 17 PAGE 3176 CATEGORY 15 66/11/00 8 PAGES IN
FRENCH IN FRENCH. UNCLASSIFIED DOCUMENT
FRICTION IN VACUUM
(FRICTION CHARACTERISTICS IN VACUUM AND ULTRAHIGH VACUUM, DISCUSSING
SOLID AND SELF LUBRICATING MATERIALS FCR SPACE APPLICATICNS)
A/COURTEL, R. (AA/CENTRE NATICNAL DE LA RECHERCHE SCIENTIFICUE,
CHATILLON-SOUS-eAGNEUX, IAUTS-CE-SEINE, FRANCE/.)
ANNALES DES MINES, P. 1C84- CS1. 21 /CENTRE NATIC AL D'ETUDES
SPATIALES, COLLOQUE INTERNATIONAL SUR L'ELABORATION ET L'EMPLOI CES
MATERIAUX RESISTANTS POUR LES APPLICATIONS SPATIALES, PARIS, FRANCE,
FEB. 7- 11, 1966./
/*SELF LUBRICATING MATERIALS/*SLIDING FRICTION/*SOLIC
LUBRICANTS/*SPACEC.RAFT LUBRICATION/*ULTRAHIGH VACULP/*VACUUM EFFECTS/
CONFERENCES/ METALLURGY/ SPACECRAFT CESIGN
PAGE 16 (ITEMS 46- 47 OF 138)
68A34169 ISSUE 17 PAGE 3174 CATEGORY 15 67/CC/00 14 PAGES
UNCLASSIFIED DOCUMENT
SOME ASPECTS OF THE SURFACE CHEMISTRY OF ADHESION AND CF FRICTICN.
(SURFACE CHEMISTRY ADHESION AND RELATION TC FRICTION NOTING METHCCS
FOR REDUCTION IN HIGH VACUUM ENVIRCNMENTS)
A/ADAMSON, A. W. (AA/SOUTHERN CALIFORNIA, U., CEPT. OF CHEMISTRY,
LOS ANGELES, CALIF./.)
PHILADELPHIA, AMERICAN SOCIETY FOR TESTING ANC MATERIALS /ASTV
SPECIAL TECHNICAL PUBLICATION NO. 431/, IN- ADHESICN CR CCLD WELCING
OF MATERIALS IN SPACE ENVIRONMENTS, AMERICAN SOCIETY FCR TESTING ANC
MATERIALS AND AMERICAN SOCIETY OF LUBRICATICN ENGINEERS, ANNUAL
MEETING, TORONTO, CANACA, MAY 1, 2, 1967, PROCEEDINGS. <A68-34168
17-15< P. 6-19.
/*ADHESION/*AEROSPACE ENVIRONMENTS/*FRICTION RFCLCTICN/*HIGH
VACUUM/*SURFACE REACTIONS/ CONFERENCES/ LIQUIOS/ LLeRICANTS/ SCLICS/
SURFACE PROPERTIES
68A30318# ISSUE 14 PAGE 2608 CATEGORY 15 AICHE PAPER 180
68/03/00 26 PAGES UNCLASSIFIED OCCUMENT
LUBRICANTS FOR THE SPACE ENVIRONMENT.
(SPACE ENVIRONMENT LUBRICANT SELECTION FOR SPECIFIC SPACE SYSTEVS
AND APPLICATIONS, GIVING TABLES OF LUBRICANTS FOR VARICUS SATELLITES)
A/FLOM, D. G.; B/HALTNER, A. J. (AB/GENERAL ELECTRIC CC.,
AEROSPACE GROUP, MISSILE AND SPACE DIV., SPACE SCIENCES LAB., VALLEY
FORGE, PA./.) $0.50.
NEW YORK, AMERICAN INST. OF CHEMICAL ENGINEERS, AMERICAN INST.
OF CHEMICAL ENGINEERS, MATERIALS CCNFERENCE, SYMPOSIUM ON MATERIALS FCR
RE-ENTRY AND SPACECRAFT SYSTEMS - SPACECRAFT MATERIALS, PART 2,
PHILADELPHIA, PA., MAR. 31-APR. 4, 1'68.
/*FRICTION REDUCTION/*LUBRICANTS/*SPACECRAFT LLeRICATICN/ AEROSPACE
ENVIRONMENTS/ AEROSPACE SYSTEMS/ CHEMICAL ENGINEERING/ CCNFERENCES/
GRAPHITE/ SYSTEMS ENGINEERING/ TABLES (DATA)/ VACULP SYSTEMS
68A29990* ISSUE 14 PAGE 26C8 CATEGORY 15 JPL-950056 NAS7-110
68/05/00 13 PAGES UNCLASSIFIED OCCUMENT
FRICTION ANC WEAR OF POTENTIOMETER CONTACTS IN VACULM.
(FRICTION AND WEAR OF WIRE. OUND POTENTIOMETERS SLICING ELECTRIC
CONTACTS IN. VACUUM, EVALUATING LUBRICATIVE PChDERS ND CCNCUCTIVE
COMPOSITES)
A/JONES, J. R. (AA/HUGHES AIRCRAFT CO., CULVER CITY, CALIF./.)
WEAR, VOL. 11, P. 355-367.
/*ELECTRIC CONTACTS/*POTENTICMETERS (INSTRUMENTS)/*SLIDING
FRICTION/*SOLIC LUBRICANTS/*VACUUM EFFECTS/*WEAR TESTS/ FRICTION
REDUCTION/ METAL FILMS/ METAL POWDER/ SELF LUBRICATING MATERIALS/
-SLIDING CONTACT/ SPACECRAFT LUBRICATION
PAGE 17 (ITEMS 48- 50 OF 138)
68A27386# ISSUE 12 PAGE 2228 CATEGORY 15 ASVE PAPER 68-DE-39
68/04/00 9 PAGES UNCLASSIFIED DCCUMENT
LUBRICATION TECHNIQUES FOR USE IN VACUUM.
(LUBRICATION TECFNIQUES FOR VACUUM ENVIRONMENTS CF SPACE VEHICLES
INCLUDING OILS, GREASES AND SOLID LUBRICANTS)
A/BENZING, R. J.; 8/MCCONNELL, 8. D. (A/USAF, SYSTEMS COMMANC,
RESEARCH AND TECHNOLOGY DIV.,.MATERIALS LAB., WRIGHT-PATTERSON AFB8
OHIO/ AR/USAF, SYSTEMS COMM4ND, RESEARCH AND TECHNCLCGY CIV.,
WRIGHT-IPATTE-RSON AFB, OHIO/.)
NFW YORK, AMERICAN SOCIETY CF MECHANICAL ENGINEERS, AMERICAN
SOCIETY OF MECHANICAL ENGINEERS, DESIGN ENGINEERING CONFERENCE AhC
SHOW, CHICAGO, ILL., APR. 22-25, 1968.
/*AEROSPACF ENVIRONMENTS/*LUBRICANTS/*SPACECRAFI
ENVIRONMENTS/*SPACECRAFT LUBRICATICN/ CONFERENCES/ CGREASES/ LUBRICATION
SYSTEMS/ VACUUM EFFECTS
68A26726 ISSUE 12 PAGE 2226 CATEGORY 15 68/C4/00 7 PAGES
UNCLASSIFIED COCUMENT
LUBRICATION IN SPACE VACUUM. III - LIFE TEST EVALUATION OF BALL
BEARINGS LUBRICATED WITH OILS AND GREASES.
(LIFE TESTS OF BALL BEARINGS LUBRICATED WITH OILS AND GREASES DURING
OPERATION IN INOUCTION MOTORS UNDER SIMULATED SPACE VACUUM CCNOITICNS)
A/HARRIS, C. L.; B/READt J. E.; C/THCMPSON, J. 8. (AC/ELLICTT
BROTHERS /LONDON/, LTDI, SPACE AND WEAPCNS RESEARCH LAB., FRIMLEY,
SURREY, ENGLANC/.)
LUBRICATION ENGINEERING, VCL. 24, P. 182-188. RESEARCH SUPPCRTEC
BY THE MINISTRY OF AVIATION.
/*BALL BEARINGS/*LLBRICATING C.ILS/*SERVICE LIFEj/*SPACE ENVIRCNMENT
SIMULATION/*VACUUM EFFECTS/ DEGASSING/ ELECTRIC MOTCRS/ ENVIRONMENTAL
ENGINEERING/ ENVIRONMENTAL TESTS/ IORQUE
68A26725* ISSUE 12 PAGE 2226 CATEGORY 15 68/04/OC 10 PAGES
UNCLASSIFIED COCUMENT
EVALUATION OF SPACE LUBRICANTS UNDER OSCILLATORY ANC SLOh SPEED
ROTARY MOTION.
(SOLID FILM SPACE LUBRICANT. METHODS EVALUATED FCR FRICTICN SURFACES
UNDER OSCILLATORY AND SLOW SPEED RCTARY MOTIONI
A/VEST, C. E.; B/WARD, B. h., JR. (AB/NASA, GCDDARC SPACE FLIGHT
CENTER, GREENBELT, MD./.)
LUBRICATION ENGINEERING, VCL. 24, P. 163-172. /AMERICAN SCCIETY
OF LUBRICATION ENGINE:RS, ANNUAL MEETING, 22ND, TORCNTO, CANADAt, IAY
1-4, 1967./
/*FRICTION MEASUREMENT/*RCTATING BODIES/*SCLID
LUBRICANTS/*SPACECRAFT LUBRICATION/*STRUCTURAL VIBRATION/ BEARINGS/
CONFERENCES/ GCLD COATINGS/ MOLYBDENUM DISULFIDES/
POLYTETRAFLUOROFTHYLENE
PAGE 18 (ITEMS 51- 53 OF 138)
68A24572 ISSUE 10 PAGE 1784 CATEGORY 11 68/C2/00 Z PAGES IN
GERMAN IN GERMAN. UNCLASSIFIED COCUMENT
TEST STAND FOR THE MECHANICAL-DYNAMICAL TESTING CF 
LUBRICANTS UNDER
HIGH- AND ULTRAHIGH-VACUUM CONDITIONS
(TEST STAND FOR CHECKING LUBRICATION OF AIRCRAFT ANC SPACECRAFT
PARTS UNDER FLIGHT STRESS, WEIGHTLESSNESS AND ENVIRCNMENTAL 
CONOITICNS)
A/SPENGLER, G. (AA/DEUTSCHE VERSUCHSANSTALT FUER LUFT- 
UND
RAUMFAHRT, INSTITUT FUER FLUGTREIB- UND SCHMIERSTOFFE, VLNICH, 
WEST
GERMANY/.)
DVL-NACHRICHTEN, P. 324, 325.
/*AIRCRAFT PARTS/*ENVIRONMENT SIMULATICN/*LUBRICATION
SYSTEMS/*SPACF FLIGHT STRESS/*SPACECRAFT COMPCNENTS/*TEST STANCS/
TEMPERATURE CONTROL/ ULTRAHIGH VACLUM/ WEIGHTLESSNESS
68A21757 ISSUE 9 PAGE 1596 CATEGORY 15 68/02/30 
7 PAGES
UNCLASSIFIED COCUMENT
LUBRICATION IN SPACE VACUUM /10 SUPER -1C TORR/, I - TESTING
TECHNIQUES FOR BALL BEARINGS.
S (MrODULAR TEST CAPSULE TECHNIQUE FOR VACUUM TESTING CF LIFETIMES 
AND
BEARING TORQUE PERFORMANCE O-F CRY FILM AND OIL LUBRICATEC BALL
BEARINGS)
A/HARRIS, C. L.; 3/READ, J. E.; C/THOMPSON, J. 8.; D/hILSON, 
C.
I. (AD/ELLIOTT BROTHERS /LONDON/, LTD., SPACE AND EAPCNS 
RESEARC-
LAB., FRIMLEY, SURREY, ENGLANDI.)
LUBRICATION ENGINEERING, VOL. 24, P. 57-63. RESEARCH 
SUPPGRTED
BY THE MINISTRY OF AVIATION.
/*BALL BEARINGS/*LUBRICATING OILS/*MATERIALS TESTS/*IEST
EQUIPMENT/*VACUUM CHAMBERS/ BEARING ALLCYS/ ENVIRONMENTAL TESTS/ LIFE
(DURABILITY)/ LUBRICATION/ MOLECULAR FLOW/ MOLYBDENLM 
DISULFICES/ SPACE
ENVIRONMENT SIMULATION/ VACUUM APPARATUS
67A38142* ISSUE 21 PAGE 3633 CATEGORY 15 
67100/00 12 PAGES
UNCLASSIFIED COCUMENT
LUBRICATION AND WEAR FUNDAMENTALS FCR HIGH- VACULM 
APPLICATICNS.
(LUBRICATION AND WEAR IN HIGH VACUUM, CONSIDERING INABILITY 
TC
MAINTAIN OXIDE FILMS, EVAPORATION OF LUBRICANTS, 
HEAT TRANSFER AND
SLIDING FRICTION)
A/BUCKLEY, 0. H.; 8/JCHNSON, R. L. (AB/NASA, LEWIS RESEARCH
CENTER, LUBRICATION BRANCH, CLEVELAND, OHIO/ AA/NASA, 
LEhIS RESEARCH
CENTER, LUBRICATION BRANCH, SPACE ENVIRONMENT LUBRICATION 
SECTION,
CLEVELAND, OHIO/.J
IN- CONFERENCE ON LUBRICATION AND WEAR- FUNDAMENTALS 
AND
APPLICATION TO DESIGN, LONDON, ENGLAND, SEP. 
25-29, 1967, PAPERS.
SESSION 5 - SPECIFIC ENVIRONMENTS. <A67-38140 
21-15< LCNDCN,
INSTITUTION OF MECHANICAL ENGINEERS, 1967, P. 41-52. 
31 REFS.
/*HEAT TRANSFER/*HIGH VACUUM/*LUBRICATION/*SLICING FRICTICN/*WEAR/
ADHESION/ ALLOY/ BONDING/ CONFERENCE/ CRYSTAL/ OIFFLSIGN/ 
EVAPCRATICN/
FILM/ FRICTION/ METAL/ OXIDE/ SHEAR/ SLIDING/ STRUCiLRE
PAGE 19 (ITEMS .. 54- 56 OF 138)
67A38140 ISSUE 21 PAGE 3633 CATEGORY 15 67/C0/00 91 PAGES
UNCLASSIFIED DOCUMENT
CONFERENCE ON LUBRICATION AND WEAR- FUNDAMENTALS AND APPLICATICN TO
DESIGN, LONDON, ENGLANC, SEPTEMBER 25-29, 1967, PAPERS. SESSION 5 -
SPECIFIC ENVIRONMENTS.
(LUBRICATION AND WEAR - IME CCNFERENCE, .LONDON, SEPTEMBER 1967,
SESSION 5, SPECIFIC ENVIRONMENTS)
PRICE OF SIX VOLUMES, S28.5C.
LONDON, INSTITUTION OF MECHANICAL ENGINEERS, 1967. 91 P.
/*CONFERENCE/*LUBRICATION/*WEAR/ BEARING/ CONTACT/ ENVIRCNMENT/
HIGH VACUUM/ ROLLING/ SPACE
67A34993# ISSUE 19 PAGE 3248 CATEGORY 18 67/00/00 7 PAGES
UNCLASSIFIED DOCUMENT
LUBRICATING GREASES FOR AERONAUTICAL/AEROSPACE AFPLICATICNS.
(LUBRICANT REQUIREMENTS FOR AIRCRAFT PARTS NOTING HIGH AND LCW
TEMPERATURE, RADIATION CONDITICNS, LUBRICATICN CAPAEILITY LIMITS, ETC)
A/NEW, Lo C. (AA/NATIONAL RESEARCH COUNCIL OF CANADA, CIV. CF
MECHANICAL ENGINEFRING, FUELS AND LUBRICANTS LAB., CTTAWA, CANADA/.)
CANADA, NATIONAL RESEARCH COUNCIL, DIV. OF MECHANICAL ENGINEERING
AND NATIONAL AERONAUTICAL ESTABLISHMENT, QUARTERLY ELLLETIN, NO. 1,
1967, P- 73-79. 11 REFS.
/*AEROSPACE TECFNLfGY/*LUBRICANT/*RADIATION EFFECT/*SPACE
ENVIRONMENTAL LUBRICATION/ AERCSPACE/ AIRCRAFT/ BEARING/ CCNTROL/
EFFECT/ ENVIRONMENT/ EXPOSURE/ GEAR/ GREASE/ LUBRICATICN/ RADIATION/
RELIABILITY/ SPACE/ SYSTEM/ TECHNOLOGY/ TEMPERATURE
67A29534 ISSUE 15 PAGE 2505 CATEGORY 18 67/CO/00 321 PAGES
UNCLASSIFIED DOCUMENT
THE EFFECTS OF THE SPACE ENVIRONMENT ON MATERIALS, SCCIETY OF
AEROSPACE MATERIAL AND PROCESS ENGINEERS, NATIONAL SYMPCSIUM AND
EXHIBIT, 11TH, ST. LOUIS, MO., APRIL 19-21, 1S67, FRCCEEDINGS.
(EFFECTS OF SPACE ENVIRONMENT ON MATERIALS - CONFERENCE, ST. LOUIS,
APRIL 1967) $15.
NORTH HOLLYWOOD, CALIF., WESTERN PERICDICALS CC. /SCIENCE CF
ADVANCED MATERIALS AND PROCESS ENGINEERING SERIES. VOLUME 11/, 1967,
321 P.
/*CONFFRENCF/*MATERIALS SCIENCE/*SPACE ENVIRCNMENT/ CEFIKITICN/
ENVIRONMENT/ LUBRICATION/ MATERIAL/ SCIENCE/ SIMULATION/ SPACE/
STRUCTURAL
PAGE 20 (ITEMS 57- 59 OF 138)
67A22421 ISSUE 9 PAGE 1506 CATEGORY 15 ASLE PAPER 66AM 3C2
67/02/00 5 PAGES UNCLASSIFIED OCCUMENT
ADVANCED AEROSPACE GREASES.
(GREASE LUBRICANTS FOR AEROSPACE APPLICATION, DElERMINING PHYSICAL
PROPERTIES ANC TESTING THEM AT '400 DEGREES F AND UNCER HIGH VACUUM)
A/BUNTING, K. R.; B/CHRISTIAN, J. 8. (AB/USAF, SYSTEMS COMMANC,
RESEARCH AND TECHNOLOGY DIV., MATERIALS LAB., WRIGHT-PATTERSCN AFB,
OHIO/ AA/AMERICAN OIL CO., WHITING, IND./.)
/AMERICAN SOCIETY OF LUBRICATICN ENGINEERS, ANNUAL MEETING, 21ST,
PITTSBURGH, PA., MAY 2-5, 1966, PAPER 66AM 3C2./ LLBRICATICN
ENGINEERING, VOL. 23, FEB. 1967, P. 52-56. <FOR ABSTRACT SEE ISSUE 16,
PAGE 2711, ACCESSION NO. A66-3C40CS
/*GREASE/*LUBR ICANT/*PHYSICAL PRCPERTY/*SPACE ENVIRONMENTAL
LUBRICATION/ AFROSPACE/ BEARING/ CCNFERENCE/ ENVIRC'VENT/ LCAD/
LUBRICATION/ PHYSICAL/ PRESSURE/ PROPFRTY/ SPACE/ SFEEC/ TECHNOLCGY/
TEMPERATURE/ TIME/ VACUUM
67A16932*# ISSUE 5 PAGE 811 CATEGORY 15 66/12/00 32 PAGES
UNCLASSIFIED DOCUMENT
LUBRICATION AND BEARING PROBLEMS IN THE VACUUM CF SPACE.
(LUBRICATION AND BEARING PROBLEMS IN SPACE ENVIRCNMENT, NCTING
MOLYBDENUM DISULFICE AND SILICONES)
A/3ISSON, E. E. (AA/NASA, LEkIS RESEARCH CENTER, CLEVELAND,
OHIO/.)
GROUPEMENT POUR L'AVANCEMENT DE LA MECANIQUE .INDUS.TRIELLE,
JOURNEES DETUDE DU FROTTEMENT ET 02 L'USURE, PARIS, FRANCE, DEC. 5, 6,
1966, PAPER. 32 P. 25 REFS. TRANSLATION.
/*BEARING/*MOLYBCFNUM SULFIDE/*SILICONE/*SPACE ENVIRCNFENTAL
LUBRICATION/ CONFERENCE/ ENVIRONMENT/ EVAPORATION/ FRICTION/
LUBRICATION/ MOLYBDENUM/ SPACE/ SULFIDE/ TEFLON
67A14995 ISSUE 4 PAGE 704 CATEGORY 31 66/00/00 25 PAGES
UNCLASSIFIED COCUMENT
REVIEW OF THF INFLUENCE OF SPACE ENVIRONMENT LPCN VEHICLE
COMPONENTS.
(SPACECRAFT ENVIRONMENTAL EFFECTS COVERING CUTGASSING IN HIGH
VACUUM, DETERIORATION OF MATERIALS BY EVAPORATION, LLBRICATICN AND
CHANGES IN MECHANICAL AND .ELECTRICAL PROPERTIES OF FLASTICS)
A/SMFLT, R. (AA/LOCKHEED AIRCRAFT CORP., LOCKHEED MISSILES AND
SPACE CO., SPACE PROGRAMS DIV., SUNNYVALE, CALIF./.)
IN- THE FLUID DYNAMIC ASPECTS OF SPACE FLIGHT, PROCEECINGS CF THE
NATO-AGARD SPECIALISTS' MEETING, MARSEILLE, FRANCE, APR. 20-24, 1964.
VOLUME 1. <A67-1987 04-12< MEETING SPONSCRED BY THE FLUID CYNAMICS
PANEL OF AGARC. NrW YORK, GORDCN ANC BREACH, SCIENCE PUBLISHERS, INC.
/AGARDOGRAPH 87. VOLUME 1/, 1966, P. 141-165. 18 REFS.
/*HIGH VACUUM/*LU3RICATION/*RAOIATICON EFFECT/*SFACE
ENVIRONMENT/*SPACECRAFT CONSTRLCTICN MATERIAL/*VACULM EFFECT/ AGENA
ROCKET/ BEARING/ CELL/ CONFERENCE/ DAMAGE/ DEGASSINC/ DETERICRATICN/
ELECTRIC/ ENVIRONMENT/ FLARF/ HAZARD/ MATERIAL/ MEC-ANICAL/ tETECRITE/
RADIATION/ SOLAR/ SPACE/ SURFACE
PAGE 21 (ITEMS 60- 62 CF 138)
67A12453* ISSUE 2 PAGE 250 CATEGORY 15 66/1C/00 7 PAGES
UNCLASSIFIED DOCUMENT
LUBRICANTS 6ND MECHANICAL COMPGNENTS OF LUBRICATICN SYSTEMS FCR
SPACE ENVIRONMENT.
(SYSTFM DESIGN AND LUBRICATING MATERIALS FCR SPACECRAFT LUBRICATICN)
A/BUCKLFY, C. H.; B/JOHNSON, R. L. (AB/NASA, LEWIS RESEARCH
CENTER, LUBRICATION BRANCH, CLEVELAND, OHIO/ AA/NASA, LEWIS RESEARCH
CENTER, SPACE ENVIRONMENT LUBRICATION SECTICO, CLEVELAND, C.IO/.)
/AMERICAN SOCIETY OF LUBRICATICN ENGINEERS, ANNUAL MEETING, 19TH,
CHICAGO, ILL., MAY 26-28, 1964, PAPER./ LLBRICATICN ENGINEERING, VCL.
22, OCT. 1966, P. 408-414. 45 REFS. <FOR ABSTRACT SEE ISSLE 12, PAGE
912, ACCESSION NO. A64-17992<
/*LUBRICANT/*SPACE ENVIRONMENTAL LUBRICATION/ CCKFERENCE/ CESIGh/
ENVIRONMENT/ LUBRICATION/ MATERIAL/ SPACE/ SPACE VEFICLE/ SYSTEM
66A42573 ISSUE 24 PAGE 4261 CATEGORY 28 66/08/00 5 PAGES
UNCLASSIFIED DOCUMENT
THE INFLUENCE OF SPACE ENVIRONMENT CN THE DESIGN AND CEVELOPMENT CF
ROCKET ENGINES FOP SPACE APPLICATIONS.
(ENVIRONMENT INFLUENCE ON DESIGN AND DEVELOPMENT CF BLACK KNIGHT
ROCKET ENGINE)
A/SUNLEY, H. L. G. (AA/BRISTCL SIDDELEY ENGINES, LTC., LONDCN,
ENGLAND/.)
/SOCIETY OF ENVIRONMENTAL ENGINEERS, SYMPCSIUM CN ENVIRCNMENTAL
ENGINEERING ANC ITS ROLE IN SOCIETY, IMPERIAL COLL. CF SCIENCE AND
TECHNOLOGY, LONDON, ENGLAND, APR. 19-21, 1S66. VOLUME 5 - SPACE
TECHNOLOGY./ JOURNAL CF ENVIRONMENTAL SCIENCES, VCL. 9, AUG. 1966, F.
13-17. <FOR ABSTRACT SEE ISSUE 18, PAGE 3163, ACCESSICN NO. A66-34211<
/*BLACK KNIGHT ROCKET/*ENVIRCNMENTAL TESTING/*RCCKET ENGINE
DESIGN/*SPACE ENVIRONMENT/.ACCELERATION/ ALTITUDE/ CCNFERENCE/
ELECTRIC/ ENVIRONMENT/ LAUNCHER/ LUBRICATION/ ROCKET ENGINE/ SATELLITE/
SPACE/ SYSTEM/ TESTING/ TURBOPUMP/ VIBRATION
66A35833# ISSUE 19 PAGE 3363 CATEGORY 15 66/00/00 9 PAGES
UNCLASSIFIED DOCUMENT
SOME EXPERIMENTS ON DRY LUBRICATION.
(TRANSFER OF DRY LUBRICANT PARTICLES ON TO CONTACT SURFACES DURING
SERVICE BY USING SEPARATE RUBBING ELEMENTS, FCR EQUIPMENT CFERATICN IN
SPACE ENVIRONMFNT)
A/ONARAN, K. (AA/ISTANBUL, TECHNICAL U., ENGINEERING MATERIALS
DEPT., ISTANBUL, TURKEY/.)
ISTANBUL TEKNIK UNIVERSITESI BUELTENIt VOL. e1, NO. 2, 1966, P.
34-42. 11 REFS.
/*SOLID LUBRICANT/*SPACE ENVIRONMENTAL LUBRICATICN/ CRY/ ELEMENT/
ENVIRONMENT/ FQUIPMENT/ FRICTICN/ LUBRICANT/ LUBRICATICN/ MATERIAL/
PARTICLE/ RELIABILITV/ SOLID/ SPACE/ SURFACE/ TRANSFER
PAGE 22 (ITEMS 63- 65 CF 138)
66A34211# ISSUE 18 PAGE 3163 CATEGORY 28 66/00/00 16 PAGES
UNCLASSIFIED DOCUMENT
THE INFLUENCE OF ENVIRONMENT ON THE DESIGN AND DEVELOPMENT CF RCCKET
ENGINES FOR SPACE APPLICATIONS.
(ENVIRONMENT INFLUENCE ON DESIGN AND DEVELOPMENT CF BLACK KNIGHT
ROCKET ENGINE)
A/SUNLEY, H. L. G. (AA/BRISTOL SIDDELEY ENGINES, LTD., ROCKET
DEPT., COVENTRY, WARWICKS., ENGLAND/.)
IN- SOCIETY OF ENVIRONMENTAL ENGINEERS, SYMPCSIUM CN
ENVIRONMENTAL ENGINEERING AND ITS ROLE IN SOCIETY, IMPERIAL COLL. CF
SCIENCE AND TECHNOLOGY, LONDON, ENGLAND, APR. 19-21, 1966. VOLUME 5 -
SPACE TECHNOLOGY <A66-342(l8 1E-3C< 1 66. 16 P.
/*BLACK KNIGHT ROCKET/*ENVIRCNMENTAL TESTING/*RCCKET ENGINE
DESIGN/*SPACE ENVIRONMENT/ ACCELERATION/ ALTITUDE/ CCNFERNCE/
ELECTRIC/ ENVIRONMENT/ LAUNCHER/ LUBRICATIOCN/ ROCKE1 ENGINE/ SATELLITE/
SPACE/ SYSTEM/ TESTING/ TURBOPUMP/ VIBRATICN
66A30409 ISSUE 16 PAGE 2711 CATEGORY 15 ASLE PAPER 66AM 3C2
.66/05/00 16 PAGES UNCLASSIFIED DCCUMENT
ADVANCED AEROSPACE GREASES.
(GREASE LUBRICANTS FOR AEROSPACE APPLICATION, DETERMINING PHYSICAL
PROPERTIES AND TESTING THEM AT 400 DEGREES F AND UNCER HIGH VACUUM)
A/BUNTING, K. R.; B/CHRISTIAN, J. B. (AB/USAF, WRIGHT-PATTERSCN
AFB, OHIO/ AA/AMERICAN OIL CO., CHICAGC, ILL./.) MEMBERS, $0.60,
NONMEMBERS, $1.20.
AMERICAN SOCIETY OF LUBRICATICN ENGINEERS, ANNUAL MEETING, 21ST,
PITTSBURGH,.PA., MAY 2-5, 1966, PAPER 66AM 3C2. 16 P.
/*GREASE/*LUBRICANT/*PHYSICAL FRCPERTY/*SPACE ENVIRONMENTAL
LUBRICATION/ AEROSPACE/ BEARING/ CCNFERENCE/ ENVIRONPMET/ LCAD/
LUBRICATION/ PHYSICAL/ PRESSURE/ PROPERTY/ SPACE/ SPEED/ TECHNCLCGY/
TEMPERATURE/ TIME/ VACUUM
66A25770 ISSUE 13 PAGE 2086 CATEGORY 15 65/11/00 4 PAGES
UNCLASSIFIED DOCUMENT
LUBRICANTS FOR TFE SPACE ENVIRONMENT.
(LUBRICANTS FOR SPACE ENVIRONMENT, NOTING EXPERIENCES WITH
SATELLITES AND APPLICATION TO BALL BEARINGS AND ELECTRICAL CCNTACTS)
A/CLAUSS, F. J. (AA/LOCK'HEED AIRCRAFT CORP., LCCKHEED MISSILES AND
SPACE CO., PALO ALTO, CALIF./.)
/AMERICAN SOCIETY FOR METALS, wESTERN METAL CCNGRESS, LCS
ANGELES, CALIF., FED. 22-26, 1S65, PAPER./ METALS ENGINEERING
QUARTERLY, VOL. 5, NOV. 1965, P. 58-61.
/*BALL BEARING/*ELECTRIC CONTACT/*SPACE ENVIRONPENTAL
LUBRICATION/*SPACE MAINTENANCE/ BALL/ BEARING/ CONFERENCE/ CCNTACT/
ELECTRIC/ ENVIRONMENT/ LUBRICATION/ MAINTENANCE/ SPACE
PAGE 23 (ITEMS 66- 68 OF 138)
66At8284* ISSUE 7 PAGE 1039 CATEGORY 15 ASLE PREPRINT 65AM 5C5
65/10/00 16 PAGES UNCLASSIFIED DOCUMENT
FLUORIDE SOLID LUBRICANTS FOR EXTREME TEMPERATURES AND CORROSIVE
ENVIRONMENTS.
(CHEMICAL ANC THERMAL STABILITY OF FLUORIDE SCLIC LUBRICANTS
MEASURED AND TESTED FOR AEROSPACE ENVIRONMENT)
A/ALLEN, G. P.; B/SLINEY, H. E.; C/STRGM, T. N. (AA/hASA, LEWIS
RESEARCH CENTER, CLEVELAND, OHIO/.)
/AMERICAN SOCIETY OF LUBRICATION ENGINEERS, ANNUAL MEETING, 20TH,
DETROIT, MICH., MAY 4-7, 1965, PREPRINT 65AM 505./ ASLE TRANSACTICNS,
VOL, 8, OCT. 1965, P. 307-318, DISCUSSION, C. D. STLBER /USAF, WRIG-T
PATTERSON AIR CEVELOPMENT CENTER, DAYTON, OHIO/, J. A. NELSCN
/ILLINOIS, U., DEPT. OF CERAVIC ENGINEERING, URBANA, ILL./, AND E. S.
BOBER /WFSTINGFOUSE ELECTRIC CORP., RESEARCH LABS., PITTSBURGH, PA./,
P. 319-321, AUTHORS' CLOSURE, P. 321, 322. 11 REFS. <FCR ABSTRACT SEE
ISSUE 14, PAGE 2034, ACCESSION NO. A65-24249<
/*CALCIUM FLUORIDE/*SOLID LUBRICANT/*SPACE ENVIRCNMENTAL
LUBRICATION/ AIR/ CALCIUM/ CHEMICAL/ COATING/ CONFERENCE/ ENVIRONMENT/
FLUORIDE/ FRICTION/ HYCROGEN/ LUBRICANT/ LLBRICATICh/ VETAL/ SODIUV/
SOLID/ SPACE/ STABILITY/ THERMAL/ WEAR
66A13398 ISSUF 4 PAGE 524 CATEGORY 15 ASLE FREPRINT 65AM 5C4
AF 29/601/-6213 65/11/00 11 PAGES UNCLASSIFIED COCUPENT
THE EFFECTS OF REACTOR RADIATICN ON THREE HIGH- TEMPERATURE
SOLID-FILM LUBRICANTS.
(GAMMA RAY AND NEUTRON IRRADIATION AND TEMPERATLPE EFFECTS CN
WEAR-LIFE OF SOLID LUBRICANTS FOR AEROSPACE APPLICATION)
A/MCDANIEL, R. H. (AA/GENERAL DYNAMICS CORP., GENERAL
DYNAMICS/FORT WORTH, NUCLEAR AEROSPACE RESEARCH FACILITY, FCRT WCRTH,
TEX./ I
/AMERICAN SOCIETY OF LUBRICATICN ENGINEERS, ANNUAL MEETING, 20TH,
DETROIT, MICH., MAY 4-7, 1965, PREPRINT 65AM 5C4./ LUBRICATION
ENGINEERING, VOL. 21, NOV. 1965, P. 463-471, DISCUSSION, H. E. SLINEY
/NASA, LEWIS RESEARCH CENTER, CLEVELAND, OHIC/, MEL LAVIK /VIDWEST
RESEARCH INST., KANSAS CITY, MO./, P. 472, AUTHOR'S CLOSURE, P. 473.
11 REFS. <FOR ABSTRACT SEE ISSUE 14, PAGE 2C34, ACCESSION NO.
A65-24L2 48<
/*NUCLFAR RADIATION/*RADIATICN EFFECT/*SCLID LUERICANT/*SPACE
ENVIRnNMENTAL LUBRICATION/*TEMPERATURE EFFECT/ CALCILM/ CONFERENCE/
EFFECT/ ENVIRONMENT/ GAMMA/ LEAD/ LIFE/ LUBRICANT/ LLBRICATICN/ NICKEL/
NUCLEAR/ RADIATION/ REACTOR/ SILICATE/ SOLID/ SPACE/ STEEL/
TEMPERATURE/ WEAR
PAGE 24 (ITEMS 69- 70 OF 138)
65A33076 ISSUE 21 PAGE 3128 CATEGORY 17 65/CC/00 16 PAGES
UNCLASSIFIED COCUMENT
MATERIAL REQUIREMENTS FOR SPACE APPLICATIONS.
(MATERIAL BFHAVICR, PROTECTION AND SELECTION FOR VARICUS SPACE
ENVIRONMENTAL CONDITIONS)
A/HAUSNER, -. H.; B/WOLKOWITZ, W. (AB/BROOKLYh, POLYTECHNIC
INST., BROOKLYN, N.Y., GRUMMAN AIRCRAFT ENGINEERING CORP., EETHPAGE,
N.Y./.)
IN- METALS FOR THE SPACE AGE, PLANSEE SEMINAR CE RE METALLICA,
5TH, REUTTE, AUSTRIA, JUN. 22- 26, 1S64, PROCEEDINGS. <(65-33073
21-17< EDITED BY F. BENESOVSKY. RELTTE, AUSTRIA, PETALLERK PLANSEE
AG, 1965, P. 61-76.
/*PROTFCTIVE COATING/*REFRACTCRY VATERIAL/*SPACE
ENVIRONMENT/*STRUCTURAL MATERIAL/ AEROSPACE/ COATINC/ CONFERENCE/
ENVIRONMENT/ FILM/ FRICTION/ FIGH TEMPERATURE/ HIGH VACULM/ LIFE/
LUBRICATION/ MATERIAL/ PROTECTION/ REENTRY/ REFRACTCRY/ SPACE/
STRUCTURAL/ TECHNOLOGY'
65A31144 ISSUE 19 PAGE 2747 CATEGORY 3 65/06/00 8 PAGES
UNCLASSIFIED DOCUMENT
ROTATING MACHINES FCR EXTREME ENVIRCNMENTS.
(ROTATING MACHINES IN EXTREME ENVIRONMENT DISCUSSING CONDUCTCRS,
MAGNETIC MATERIALS, INSULATIONS, BEARINGS AND PERFCFMANCE)
A/IPANI, D.; B/SMITH, C. S. (AB/GARRETT CORP., AIRESEARCH VFG.
CO., LOS ANGELES, CALIF./.)
/1965 AEROSPACE TECHNICAL CONFERENCE AND EXHIEIT, FOUSTON, TEX.,
JUN. 21-24, 1965, PAPER./ IEEE TRANSACTICNS ON AERCSPACE, VOL. AS-3,
JUN. 1965, SUPPLEMENT, Pe 62C-627. 25 REFS.
/*BEARING/*LUBRICATION SYSTEM/*RADIATICN EFFECT/*RCTATING
MACHINF/*SPACE ENVIRONMENT/*TEMPEPATURE EFFECT/*VACLLM EFFECT/
CERAMICS/. CONFERENCE/ CESIGN/ EFFECT/ ELECTRIC/ ENVIRCNMENT/ HEAT
TRANSFER/ INSULATION/ LUBRICATION/ MACHINE/ RADIATICN/ RCTATION/ SPACE/
SYSTEM/ TEMPERATURE/ VACUUM
65A24249* ISSUE 14 PAGE 2034 CATEGORY 15 ASLE PREPRINT 65AM 5C5
65/05/00 31 PAGE'S UNCLASSIFIED DOCUMENT
FLUORIDE SOLID LUBRICANTS FOR EXTREME TEMPERATURES ANC CCRROSIVE
ENVIRONMENTS.
(CHEMICAL AND THERMAL STABILITY OF FLUORIDE SCLIC LUBPICANTS
MEASURED AND TESTED FOR AEROSPACE ENVIRONMENT)
A/ALLEN, G. P.; B/SLINEY, F. E.; C/STROM, T. N. (AA/NASA, LEWIS
RESEARCH CENTER, CLEVELAND, OHIO/.) MEMBERS, $0.6C, NONMEMBERS,
$1.20.
AMERICAN SOCIETY OF LUBRICATICON ENGINEERS, ANNUAL MEETING, 20THI-
DETROIT, MICH., MAY 4-7, 1965, PREPRINT 65AM 5C5. 31 P. 11 REFS.
/*CALCIUM FLUORIDE/*SOLID LUBRICANT/*SPACE ENVIPCNMENTAL
LUBRICATION/ AIR/ CALCIUM/ CHEMICAL/ CCATING/ CONFEFENCE/ ENVIRChMENT/
FLUORIDE/ FRICTION/ HYCROGEN/ LUBRICANT/ LUBRICATICN/ MEIAL/ SODIUM/
SOLID/ SPACE/ STABILITY/ THERMAL/ WEAR
PAGE 25 (ITEMS 71- 73 OF 138)
65A24248 ISSUE 14 PAGE 2034 CATEGORY 15 ASLE PREFRINT 65AM 5C4
AF 29/601/-6213 65/C5/00 30 PAGES UNCLASSIFIEC DOCCUMFNT
THE EFFECTS OF REACTOR RADIATION ON THREE HIGH- 1EMPERATURE
SOLID-FILM LUBRICANTS.
(GAMMA RAY AND NEUTRON IRRADIATICN AND TEMPERATURE EFFECTS ON
WEAR-LIFE OF SOLID LUBRICANTS FOR AEROSPACE APPLICATIUN)
A/MCDANIFL, R. H. (AA/GENERAL DYNAMICS CORP., NUCLEAR AERCSPACE
RESEARCH FACILITY, FORT WORTH, TEX./.) MEMBERS, $C.60, NChNEMBERS,
$1.20.
AMERICAN SOCIETY OF LUBRICATICN ENGINEERS, ANNUAL MEETING, 20TF,
DETROIT, MICH., MAY 4-7, 1965, PREPRINT 65AM 5C4. 30 P. 11 REFS.
/*NUCLEAR RADIATION/*RADIATION EFFECT/*SCLID LLERICANT/*SPACE
ENVIRONMENTAL LUBRICATION/*TEMPERATURE EFFECT/ CALCILM/ CONFERENCE/
EFFECT/ ENVIRONMENT/ GAMMA/ LEAD/ LIFE/ LUBRICANT/ LUBRICATICN/ NICKEL/
NUCLEAR/ RADIATION/ REACTOR/ SILICATE/ SOLID/ SPACE/ STEEL/
TEMPERATURE/ WEAR
65A24245 ISSUE 14 PAGE 2033 CATEGORY 15 ASLE PREPRINT 65AM 5C3
65/05/00 26 PAGES UNCLASSIFIED DOCUMENT
NEW SOLID LUBRICANTS - PREPARATICN, PROPERTIES AND POTENTIALS.
(PHYSICAL AND CHEMICAL PROPERTIES OF DICHALCOGENICES CF GROUP VB ANC
VIB METALS FOR USE AS AEROSPACE SCLID LUBRICANTS, PRIMARILY FRICTICN
AND ANTIWEAR CHARACTERISTICS)
A/BOES, D. J. (AA/WESTINGHOUSE ELECTRIC CORP., RESEARCh LAB.,
PITTSBURGH, PA./.) MEMBERS, $0.60, NCNFEMBERS, $1.20.
AMERICAN SOCIETY OF LUBRICATICN ENGINEERS, ANNUAL PEETING, 20TF,
DETROIT, MICH., MAY 4-7, 1965, PREPRINT 65AM 5C3. 26 P. 11 REFS.
/*FRICTION COEFFICIENT/*REFRACTCRY METAL/*SOLID LUBRICANT/*SPACE
ENVIRONMENTAL LUBRICATION/ CHALCCGENIDE/ CHEVICAL/ CCEFFICIENT/
CONFERFNCE/ CRYSTAL/ DISULFIDE/ ENVIRONMENT/ FRICTICN/ GRAPHITE/
LUBRICANT/ METAL/ MOLYBDENUM/ NICBIUM/ PERIODCIC GRCLP VB/ PERIODIC
GROUP VIR/ PHYSICAL/ PROPERTY/ REFRACTORY/ SELENIDE/ SCLID/ SPACE/
STRUCTURE/ TANTALUM/ TELLURIDE/ TUNGSTEN/ WEAR-
65A23451# ISSUE 13 PAGE 1876 CATEGORY 15 ASPE PAPER 65-GTP-14
65/02/00 20 PAGES UNCLASSIFIED DCCUMENT
LOW-LEAKAGE DYNAMIC SEAL TO SPACE.
(HIGH SPEED LOW LEAKAGE SEAL-TO-SPACE USING SLINGER, VISCC AND
MOLECULAR PUMP SEALS IN MERCURY RANKINE CYCLE)
A/HODGSON, J. N.; B/LESSLEY, R. L. (AA/AEROJE1-GENERAL CORP.,
SNAP-8 DIV., AZUSA, CALIF./.) MEMBERS, $0.50, NGONEMBERS, $1.00.
AMERICAN SOCIETY OF MECHANICAL ENGINEERS, GAS TURBINE CONFERENCE
AND PRODUCTS SHOW, WASFINGTON, D.C., FEB. 28-MAR. 4, 1965, PAPER
65-GTP-14. 20 P. 22 REFS.
/*LIQUID-VAPOR INTERFACE/*MERCURY VAPOR/*MOLECLLAR PLVP/*PUPP
SEAL/*RANKINE CYCLE/*SPACE ENVIRONMENT/ BEARING/ CCNFERENCE/
ENVIRONMENT/ INTERFACE/ LEAKAGE/ LIQUID/ LUBRICATICN/ MERCURY/
MOLECULAR/ OIL/ POWER/ PUMP/ SEAL/ SPACE/ SPEED/ SYSTEM/ TEST/ TURBINE/
VACUUM/ VAPOR
PAGE 26 (ITEMS 74- 76 OF 138)
65A22751 ISSUE 12 PAGE 1720 CATEGORY 18 65/CO/00 37 PAGES
UNCLASSIFIED DOCUMENT
SELECTION OF MATERIALS FOR OPTIMUM PERFORMANCE.
(ENVIRONMENTAL CONSIDERATIONS IN SPACECRAFT CONSIRUCTION MATERIAL
SELECTION. FOR ADHESIVES, SEALS AND THERMAL, CPTICAL, LUBRICATEC ANC
.ELECTRUNIC SYSTEMS)
IN- SPACE MATERIALS 'HANDBOOK. EDITED BY C. G. GOETLEL, J. B.
.RITTENHOUSE, AND J. B, SINGLETARY. READING, MASS., ADDISON- WESLEY
PUBLISHING CO., INC., 1965, P. 515-555. iC REFS.
/*SPACE ENVIRr!NMENT/*SPACFCRAFT CONSTRUCTION MATERIAL/ ADHESIVE/
CONSTRUCTION/ CONTROL/ ELECTRONICS/ ENVIRONMENT/ INCRGANIC/
LUBRICATION/ MATERIAL/ OPTICS/ OPTIMUM/ POLYMER/ SEALING/ SELECTICh/
SPACE/ SPACECRAFT/ SURFACE/ SYSTEM/ THERMAL
65A22733 ISSUE 12 PAGE 1718 CATEGORY 17 AF 36/6571/-10107
65/00/00 624 PAGES UNCLASSIFIED DOCCUMENT
SPACE MATERIALS IANCBOOK.
(HANDBOOK ON SPACE MATERIALS NOTING SPACE EKVIRCNMENTS) $15.
EDITED BY C. G. GOETZEL, J. B. RITTENHCUSE, AhC J. B. SINGLETARY
/LOCKHEED AIRCRAFT CORP., LOCKHEED MISSILES AND SPACE CC., SUNNYVALE,
CALIF./. READING, MASS., ADDISON-hESLEY PUBLISHING CO., INC., 1965.
624 P.
/*MATERIALS SCIENCE/*SPACE ENVIRONMENT/*SPACECRAFT CCNSTRUCTION
MATERIAL/ ADHESIVE/ CERAMIC/ CCNSTRUCTION/ ELECTRONIC/ ENVIRCNMENT/
HANDBOOK/ LUBRICATION/ MATERIAL/ OPTICAL/ RADIATION/ SCIENCE/ SPACE/
SPACECRAFT/ THERMAL
65A13607 ISSUE 4 PAGE 470 CATEGORY 15 AF 33/657/-7395
64/12/00 7 PAGES UNCLASSIFIED OCCUMENT
DEVELOPMENT AND EVALUATION OF LUBRICANT COMPOSITE MATERIALS.
(MOLYBDENUM CISULFICE HOT PRESSING WITH METAL BIFDERS TC FCRM
LUBRICANT COMPOSITE MATERIALS AND BEARING TEST DATA)
A/CAMPBELL, M. E.; B/VAN WYK, J. W. (AA/MIDWEST RESEARCH INST.,
KANSAS CITY, MO./ AB/BOEING CO., SEATTLE, hASH./.)
/AMERICAN SOCIETY OF LUBRICATION ENGINEERS, ANNUAL MEETING, 19TH,
CHICAGO, ILL., MAY 26-28, 1964./ LUBRICATION ENGINEERING, VCL. 20,
DEC. 1964, P- 463-469.
/*COMPOSITE MATERIAL/*HOT PRESSING/*MOLYBDENLM LLFICE/*SOLIC
LUBRICANT/*SPACE ENVIRONMENTAL LUBRICATION/ BEARING/ DISLLFIDE/
ENVIRONMENT/ FRICTION/ HIGH TEMPERATURE/ IRON/ LUBRICAKT/ MATRIX/
MFTALLURGY/ MOLYRDENUM/ PLATINUM/ POWDER/ SOLID/ SPACE/ TEST
PAGE 27 (ITEMS 77- 79 OF 138)
64A24312 ISSUE 20 CATEGORY 17 DA-36-C39-SC-89207 64/07/00 13
PAGES UNCLASSIFIED DOCUMENT
LONG-DURATICN LUBRICATION STUDIES IN SIMULATED SFACE VACUUM.
(LONG DURATION TESTING OF SLIDER AND BALL BEARING LUBRICANTS IN
SIMULATED SPACE ENVIRONMENT)
A/BROWN, R. D.; B/BURTON, R. A.; C/KU, P. M. (AC/SOUTHWEST
RESEARCH INST., SAN ANTONIO, TEX./.)
ASLE TRANSACTIONS, VOL. 7, JUL. 1964, P. 236- 248. 13 REFS.
RESEARCH SPONSORED BY THE SOUTHWEST RESEARCH INST.
/*BALL BEARING/*LUBRICATION TESTING MACHINE/*SPACE ENVIRCNMENTAL
LUBRICATION/ BEARING/ CURATION/ ENVIRONMENT/ LONG/ SLIDING/ TESTING/
VACUUM
64A24311 ISSUE 20 CATEGORY 17 AF 40/6CC/-915
64/07/00 9 PAGES UNCLASSIFIEC DOCUMENT
SOLID LUBRICATION OF GEARS AND BEARINGS IN A SPACE ENVIRCNMENT.
(COMPOSITE SOLID LUBRICANTS FOR SPACE LUBRICATICN OF LOACED GEARS
AND BEARINGS, INCLUCING TECHNIQUES AND TEST EQUIPMENT)
A/BOWEN, P. H. (AA/WESTINGHOUSE ELECTRIC CORP., RESEARCH LABS.,
PITTSBURGH, PA./.)
/AMERICAN SOCIETY OF LUBRICATION ENGINEERS, ANNUAL MEETING,
CHICAGO, ILL., MAY 1964o/ ASLE TRANSACTIONS, VOL. 7, JUL. 1964, P.
227-235. 6 REFS.
/*LUBRICATION TESTING MACHINE/*SCLID LUBRICANT/*SPACE ENVIRONMENTAL
LUBRICATION/ BALL/ BEARING/ COMPOSITE/ ENVIRONMENT/ EQLIFMENT/ GEAR/
LOAD/ MACHINE/ MATERIAL/ TECHNIQUE/ TESTING/ VACUUM
64A22749* ISSUE 1-9 CATEGORY 17 NAS5-814 64/C7/00 5 PAGES
UNCLASSIFIED COCUMENT
FRICTION VARIATION OF PTFE AND MCS SUB 2 DURING IHERMAL VACUUM
EXPOSURE.
(FRICTION COEFFICIENTS OF POLYTETRAFLUORCEIHYLENE AND MCLYBDEhUM
SULFIDE-GRAPHITE-SODIUM SILICATE COATINGS FOR SPACE LUBRICATION)
A/CRAIG, W. C., JR. (AA/GRUMMAN AIRCRAFT ENGINEERING CCRP.,
MECHANICAL SYSTEMS SECTIONt BETHPAGE, N.Y./.)
/AMERICAN SOCIETY OF LUBRICATION ENGINEERS, ANNUAL MEETING,
CHICAGO, ILL., MAY 26-28, 1964./ LUBRICATION ENGINEERING, VOL. 20,
JUL. 1964, P. 273-276, DISCUSSION, A. J. HALTNER /GENERAL ELECTRIC CC.,
RESEARCH LAB., SCHENECTADY, N.Y./, P. 276-277, AUTHCR'S CLCSURE, P.
277. 21 REFS.
/*FRICTION COEFFICIENT/*MOLYBDEKLM SULFIDE/*SOLIC
LUBRICANT/*TEFLON/ COATING/ FILM/ GRAPHITE/ LUBRICAIION/ SILICATE/
SPACE ENVIRONMENTAL LUBRICATION/ THIN/ VEHICLE
PAGE 28 (ITEMS 80- 82 OF 138)
6 4A22748 ISSUE 19 CATEGORY 17 f4/07/CC 5 PAGES LNCLASSIFIEC
.DOCUMENT
GREASE LUBRICANTS AND THEIR POTENTIAL IN AEROSPACE APFLICATIChS.
(GREASE LUBRICANTS FOR AEROSPACE VEHICLES AND THEIR SUPPGRT
EQUIPMENT)
A/SCHWENKER, H. S. (SCHWENKER, H. /USAF, SYSTEMS CCMMAND,
'RESEARCH AND TECHNOLOGY DIV., AF MATERIALS LAB., FLLID AND LUBRICANT
MATERIALS BRANCH, WRIGHT-PATTFRSCN AFB, OHIO/.)
/AMERICAN SOCIETY OF LUBRICATICN ENGINEERS, ANrUAL MEETING,
CHICAGO, ILL., MAY 26-28, 1964. /LLBRICATION ENGINEERING, VCL. 20, JUL.
1964, P. 260-264. 9 REFS.
/*GREASE/*LUBRICANT/ AEROSPACE/ AIRCRAFT/ EQUIPlENT/ LUERICATICN/
MISSILE/ SPACE ENVIRONMENTAL LUBRICATION/ SPACECRAFT/ SUFPCRT
164A19124* ISSUE 14 CATEGORY 17 64/01/00 9 PACES UNCLASSIFIEC
DOCUMENT
LUBRICANT BEHAVIOR IN HIGH VACUUM.
(HIGH VACUUM EcFECTS ON DRY FRICTION COEFFICIENT, LUBRICATEC
FRICTION COEFFICIENT AND LOAD CARRYING CAPACITY OF LUBRICANTS)
A/FOSTFR, P. G.; B/REICHENeACH, G. S.; C/SHAw, R., JR.
(AA/MASSACHUSETTS INST. OF TECH., SLRFACE LAB., DEPi. CF MECHANICAL
ENGINEERING, CAMBRICCGE, MASS./.)
/AMERICAN SOCIETY OF LUBRICATION ENGINEERS, LLBRICATICN
CONFERENCE, ROCHESTER, N.Y., OCT. 15-17, 1963.1/ ASLE TRANSACTICNS,
VOL. 7, JAN. 1964, P. 82-87, UISCLSSION, D. H. BUCKLEY INST., SAN
ANTONIO, TEX./, AND DOUGLAS GODFREY /CALIFORNIA RESEARCH CORP.,
RICHMOND, CALIF./, P. 88, 89, AUTHCRS' CLOSURE, P. E9, 90. 16 REFS.
/*FRICTION COEFFICIENT/*LUBRICANT/*VACUUM EFFEC1/*hEAR/ CAPACITY/
COEFFICIENT/ CROSSEC/ CYLINDER/ DISK/ DRY/ EVAPORATICN/ FRICTICN/ HIGH
VACUUM/ LOAD/ LUBRICATION/ PIN/ PRESSURE/ TEST
64A17992# ISSUE 12 CATEGORY 17 OC/CO/OC UNCLASSIFIEC DCCUMENT
LUBRICANTS AND MECHANICAL CCMPONENTS OF LUBRICATICN SYSTEMS FCR A
SPACE ENVIRONMENT.
(SYSTEM DESIGN AND LUBRICATING MATERIALS FCR SPACECRAFT LUBRICATICN)
A/BUCKLEY, C. H.; B/JOHNSON, R. L. (AA/NASA, LEWIS RESEARCF-
CENTER, CLEVELAND, OHIO/.)
AMERICAN SOCIETY OF LUBRICATING ENGINEERS,
/*SPACE ENVIRONMENTAL LUBRICATICN/ OESIGN/ ENVIPCNMENT/ LUBRICANT/
.LUBRICATION/ MATERIAL/ SPACE/ SPACE VEHICLE/ SYSTEM
PAGE 29 (ITFMS 83- 85 OF 138)
63A25801 ISSUE 24 CATEGORY 17 63/00/00 48 PACES UNCLASSIFIEC
DOCUMENT
(ENVIRONMENTAL CONDITIONS AND OPERATING CHARACTEPISTICS CF
SPACECRAFT LUBRICATION, NOTING SILICONE OILS'AND GREASES)
A/CLAUSS, F. J.
LUBRICATION. FRANCIS J. CLAUSS /LOCKHEED AIRCRAFT CORP.,
LOCKHEED MISSILES AND SPACE CIV., PALO ALTC, CALIF./. IN- MATERIALS
FOR MISSILES ANC SPACECRAFT. EDITED BY EARL R. PARKER. NEh YCRK,
MCGRAW-HILL BOCK CO., INC., 1963, P. 277-324. 44 REFS.
/*LUBRICATING OIL/*SILICON COMPCUND/*SPACE ENVIRCNMENTAL
LUBRICATION/*SPACECRAFT MECHANISM LUBRICATION/ EFFECT/ ENVIRCNMET/
GREASE/ HIGH VACUUM/ LUBRICANT/ LUBRICATION/ OIL/ SILICONE/ SPACE/
SPACECRAFT
63A23404 ISSUF 22 CATEGORY 18 63/OS/CO 3 PAGES UNCLASSIFIEC
DOCUMENT
(SUBLIMATION ANC OUT-GASSING ARE MAIN FACTORS CCNSIDERED IN
SELECTION OF SUITABLE METALS, CERAMICS AND PLASTICS FOR SPACE
APPLICAT IONS)
A/JAHNKE, C. E.
MATERIALS FOR TFE SPACE VACUUM. CLARENCE E. JAHNKE /RAYTHEON
CO., MISSILE SYSTEMS DIVISION, BEDFORD, MASS./. SPACE/AERCNAUTICS,
VOL. 40, SEPT. 1963, P. 89-91. 17 REFS.
/*MATERIALS SCIENCE/*SPACE ENVIRONMENTAL LUBRICATION/*SPACECRAFT
CONSTRUCTION MATERIAL/ APPLICATION/ BEHAVIOR/ CERAMICS/ CRITERION/
LUBRICATION/ IETAL/ PLASTICS/ PRESSURE/ SELECTION/ SPACE/ SUBLIMATICN/
VACUUM/ VAPOR
63A20497* ISSUE 19 CATEGORY 17 NAS7-100 63/C8/00 2 PAGES
UNCLASSIFIED COCUMENT
(COEFFICIENT OF FRICTION UNDER SPACE ENVIRONMENT IN TIE RANGER I
SPACECRAFT)
A/JAFFE, L. D.; B/MARTENS, H. E.; C/NAGLER, R. G.; D/RITTENHCUSE,
J. B.
RESULTS OF RANGER 1 FLIGHT FRICTION EXPERIMENT. J. B.
RITTENHOUSE, L. D. JAFFE, R. G. NAGLER, AND H. E. PARTENS /CALIFCRNIA
INSTITUTE OF TFCHNOLOGY, JET PROPULSION LABORATORY, PASACENA, CALIF./.
AIAA JOURNAL, VOL. 1, AUG. 163, P. 1513, 1514. CONTRACT NC. NAS 7-ICO.
/*FRICTION MEASUREMFNT/*RANGER I LUNAR PRCBE/*SFACE ENVIRONMENTAL
LUBRICATION/ COFFFICIENT/ ENVIRONMENT/ FRICTICN/ LLERICATICN/
MEASUREMENT/ METAL/ SPACE
PAGE 3C (ITEMS 86- 88 OF 138)
63A12681* ISSUE 6 CATEGORY 17 ARS PAPER 62-2711 62/11/00 11
PAGES UNCLASSIFIED DCCUMFNT
(HIGH-SPEED OPERATICON F MINIATURE BALL BEARINGS bITH METALLIC FILM
LUBRICATION ANC BEST-GFAR MATERIAL CCMBINATIONS FOR VACULM-SPACE
OPERATION)
A/EVANS, H. E.; B/FEDERLINE, M. F.; C/FLATLEY, T. k.
AMERICAN ROCKET SOCIETY, NEW YORK.
MECHANICAL ELEMFENTS FOR VACLUM OPERATICN. HARCLC E. EVANS,
THOMAS W. FLATLEY, AND M. FRANCIS FEDERLINE /NASA, GCDDARD SPACE FLIGHT
CENTER, GREENDELT, MC./ AMERICAN ROCKET SOCIETY, ANNUAL MEETING, 17THt
AND SPACE FLIGHT EXPOSITION, LOS ANGELES, CALIF., NCO. 13-18, 1962,
PAPER 2711-62. 11 P.
/*BALL BEARING/*MrTAL FILM/*SPACE ENVIRCNMENTAL LUBRICATICh/
AEROSPACE/ BALL/ BEARING/ COMPONENT/ ENVIRONMENT/ FILM/ GEAR/
LUBRICATION/ MECHANICAL/ METAL/ CPERATION/ SPACE/ VACUUM
63A11971 ISSUE 5 CATEGORY 17 62/CO/OC 35 PAGES LNCLASSIFIEC
DOCUMFNT
(STUDY OF PROVIDING LUBRICATION FOR REODUCING FRICTION AND WEAR CF
RUBBING OR SLIDING SURFACES OF VARIOUS SPACECRAFT MECHANISMS)
A/CLAUSS, F. J.; B/COOKE, F. B.; C/ORAKE, S. P.; D/CHARA, C. F.
SLIDING CONTACTS AND FRICTICN PHENOMENA IN SPACE. F. J. CLAUSS,
C. F. O'HARA, S. P. DRAKE, AND F. 8. COOKE /LCCKHEEC AIRCRAFT CCRP.,
LOCKHEED MISSILES AND SPACE CO., SLNNYVALE, CALIF./ /AMERICAN SOCIETY
OF METALS, GOLDEN GATE.CONFERENCE, SAN FRANCISCO, CALIF., FEB. 1962./
IN- MATERIALS SCIENCE AND TECHNOLOGY FOR ADVANCED AFFLICATICNS.
ENGLEWOOD CLIFFS, N.J., PRENTICE-HALL, INC., 1962, F. 164-198.
/*LUBRICATING OIL/*SELF-LUBRICATING MATERIAL/*SLIDING
FRICTION/*SPACE ENVIRONMENT/*SPACECRAFT MECHANISM LLBRICATICN/ BEARING/
CONTACT/ DEBRIS/ DISULFIDE/ ELECTRICITY/ FILM/ FRICTION/ GEAR/ GREASE/
LAMINAR/ LUBRICATION/ MATERIAL/ MECHANISM/ MCLYBDENLM/ OIL/ PLASTICITY/
SLIDE/ SOLID/ SPACE/ SPACECRAFT/ SURFACE
68N87771 LMSC/A311368-A AD-67185C AF 04/647/-787 63/05/00 79
PAGES UNCLASSIFIED OCCUMENT.
PROGRAM 461 RELIABILITY MATERIALS RESEARCH AND AFFLICATICN BEHAVICR
CF SLIP RING IN A SPACE ENVIRONMENT FINAL REPORT
LOCKHEED MISSILES AND SPACE CC., SUNNYVALE, CALIF.
/*RINGS/*SPACE ENVIRONMENT SIMULATION/ BRUSHES/ GRAPHS (CHARTS)/
LIFE (DURABILITY)/ LUBRICATION/ CSCILLCGRAPHS/ RELIABILITY/ SLIDING
FRICTION/ VACUUM/ VELOCITY
PAGE 31 (ITEMS 8S- 91 OF 138)
74N11672* ISSUE 2 PAGE 223 CATEGORY 15 73/1C/00 10 PAGES
UNCLASSIFIED COCUMENT
CURRENT EUROPEAN DEVELOPMENTS IN SCLAR PADDLE CRIVES
A/BENTALL, R. H.
EUROPFAN SPACE RESEARCH ANC TECHNOLOGY CENTER, NCCRDWIJK
(NETHFRLANDS).
IN NASA. LANGLEY RES. CENTER THE 8TH AERCSPACE MECH. SYMP. P
49-58 (SEE N74-11667 02-31)
/*MECHANICAL DRIVES/*PADDLES/*SATELLITE-ECRNE ISTRUKENTS/*SCLAR
GENERATORS/ AEROSPACE ENGINEERING/ EUROPE/ LUBRICANIS/ PERFCRMANCE
TESTS/ SPACE ENVIRONMENT SIMULATICN
73N32385# ISSUE 23 PAGE 27S9 CATEGORY 15 t-765300 AD-702550
ODC-TAS-73-53 73/08/00 143 PAGES UNCLASSIFIED COCUMENT
LUBRICANTS FOR USE IN THE SPACE ENVIRONMENT
(LUBRICANTS FOR USE IN SPACE ENVIRCNMENT AT HIGH AND LO% TEMPERATURE
AND ZERO GRAVITY - BIBLIOGRAPHIES) REPORT BIBLICGAPHY, NOV. 1960 -
SEP. 1972
DEFFNSE DOCUMENTATIGN CENTER, ALEXANDRIA, VA. AVAIL.NTIS
/*AEROSPACE ENVIRONMENTS/*LUBRICANTS/ BIBLIOGRAFHIES/ HIGH
TEMPERATURE/ LOW TEMPERATURE/ hEIGHTLESSNESS
71N33011# ISSUE 20 CATEGORY 15 BMBW-FB-h-71-11 71/03/00 62
PAGES IN GERMAN IN GERMAN, ENGLISH SUMMARY UNCLASSIFIED DOCUMENT
PROJECT HELIOS - DEVELOPMENT WORK ON AN OIL VAPOR LUBRICATED ANTEINA
BEARING SYSTEM
(VAPORIZED OIL BALL BEARINGS FOR SATELLITE ANTENNAS)
A/BAUMGARTNER, G.; B/GRANZOW, M.; C/HOSTENKAMP, R.; D/WCHNHAAS,
H.
DORNIER-WERKE G.M.B.H., FRIEDRICHSHAFEN (WEST GERMANY).
(ENTWICKLUNGSABTEILUNG RAUMFAHRT.) AVAIL.NTIS AVAIL- NTIS, ZLDI
MUNICH- 12,90 OM
SPONSORED BY BUNDESMIN. FUER BILDUNG UND WISS.
/*BALL BEARINGS/*LUBRICATING OILS/*SATELLITE ANTENNAS/*VAPORIZING/
EUROPEAN SPACE PROGRAMS/ EVAPORATION RATE/ OPTIMIZATIGN/ OUTGASSING/
SPACECRAFT LUBRICATION/ STORAGE TANKS/ TORQUE
PACE 32 (ITEMS 92- 94 CF 138)
71N31664# ISSUE 19 PAGE 3104 CATEGORY 15 BMek-FB-w-71-
1 3
71/03/00 156 PAGES IN GERMAN IN GERMAN, ENGLISf SUMMARY
UNCLASSIFIED COCUMENT
PROJECT HELIOS - TESTING OF ROTATING MECHANISMS LhDER SPACE
ENVIRONMENTAL CONDITIONS
(SPACE ENVIRONMENT SIMULATION TESTING OF ANTENNA SPIN RECUCTICN
BEARING AND MECHANICAL CRIVES FCR hELICS SOLAR PROBE)
A/BIRKHOLD, E.; B/GRANZOW, M.; C/GROSSNER, Po; O/HAUSER, G.;
E/TREFF3N, H. R.
DORNIER-WERKE G.M.B.H., FRIEDRICHSHAFEN (WEST GERMANY).
AVAIL.NTIS AVAIL- NTIS, LLDI MUNICH- 32,8C OM
BAD GODESBERG, WEST GER. RLNDESMIN. FUER BILDLNG UND kISS.
SPONSORED BY BUNDESMIN. FUER BILDUNG UND WISS.
/*MECHANICAL DRIVES/*SOLAR PRCBES/*SPACE ENVIRGfMENT
SIMULATION/*SPACECRAFT ANTENNAS/*SPIN REDUCTION/ BALL BEARINGS/
ENCAPSULATING/ LUBRICATING OILS/ PARABOLIC ANTENNAS/ RCTATING BOCIES/
SPACECRAFT LUBRICATION
71N27158# ISSUE 15 PAGE 2380 CATEGORY 7 ESTEC-1060/70/SL
70/11/00 79 PAGES UNCLASSIFIED OCCUPENT
DEFINITION STUDY OF AN ANTENNA DESPIN MECHANISM FINAL REPORT
(COMMUNICATION SATELLITE DIRECTICNAL ANTENNA SPIN RECLCTION
MECHANISM)
DORNIER-WERKE G.M.B.H., FRIEDRICHSHAFEN (WEST GERMANY).
AVAIL.NTIS AVAIL- NTIS
/*COMMUNICATION SATELLITES/*DIRECTIONAL ANTENNAS/*SATELLITE
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LUBRICATION/ OXIDATION/ RESEARCH/ SCLID/ SPACE/ SPACE ENVIRCNMENTAL
LUBRICATION/ SURVEY/ VACUUM
64N29508*# - ISSUE 21 CATEGORY 17 NASA-CR-58704 JPL-N2-150168
62/02/16 160 PAGES UNCLASSIFIED DOCUMENT
SURVEY OF FRICTIONAL PROBLEMS IN SPACECRAFT FINAL REPCRT
(FRICTIONAL PROBLEMS IN SPACECRAFT VECHANISMS CALSED BY SPACE
ENVIRONMENTS)
A/IRWIN, A. S.; B/JOHNSON, J. H.
MARLIN-ROCKWELL CORP., JAMESTChN, N.Y. (RESEARCH AND CEVELOPMENT
LABS.) AVAIL.NTIS
16 FEB. 1.964 16C P REFS
/*FRICTION/*SPACF ENVIRONMENT/*SPACECRAFT MECHANISM LUBRICATICN/
BEARING/ ENVIRONMENT/ GEAR/ LUBRICATION/ MECHANISM/ SEAL/ SPACE/ SPACE
ENVIRONMENTAL LUBRICATION/ SPACECRAFT
P MrF 47 (TTFIF 174- 126 PF 1 R)
64N27310*# ISSUE 19 CATEGORY 17 NASA-CR-58039 NAS8-1540
64/05/22 49 PAGES UNCLASSIFIED COCUMENT
RESEARCH ON PEARING LUBRICANTS FCR USE IN HIGH VACUUM ANNUAL
SUMMARY REPORT, 23 APR. 1963 - 22 MAY 1964
(SOLID LUBRICANT FOR BEARINGS IN HIGH VACUUM ENVIRONMENT)
A/GADDIS, D. H.; B/HOLM, F. W.; C/HOPKINS, V.; D/HUBBELL, R. O0
MIDWEST RESEARCH INST., KANSAS CITY, MO. AVAIL.NTIS
5 MAY 1964 49 P REFS
/*BEARING/*LUBRICATION/*SOLID LUBRICANT/ BINCER/ CCEFFICIENT/
ENVIRONMENT/ FABRICATION/ FILM/ FLLORIDE/ FRICTICN/ GOLD/ GRAPHITE/
HIGH VACUUM/ LUBRICANT/ POTASSIUM/ SILICATE/ SODILM/ SCLID/ SPACE
64N20577*# ISSUE 13 CATEGORY 17 NASA-TM-X-52031 64/00/00 24
PAGES UNCLASSIFIED DOCUMENT
LUBRICANTS AND MECHANICAL CCMPCNENTS OF LUBRICATICN SYSTEMS FOR A
SPACE ENVIRONMENT
(LUBRICANTS AND MECIANICAL COMPCNENTS OF LUBRICATION SYSTEM FGR
SPACE ENVIRONMENT)
A/BUCKLEY, D. H.; B/JOHNSON, R. L.
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION. LEhIS RESEARCH
CENTER, CLEVELAN0, OIGO. AVAIL.NTIS
WASHINGTON, NASA, 1964' 24 P REFS PRESENTED AT THE AM. SCC- CF
LUBRICATING ENGR. AEROSPACE COUNCIL MEETING, CHICAGC, 28 MAY 1964
/*LUBRICATION SYSTEM/ BEARING/ COMPONENT/ CONTACT/ ENVIRCNMEIT/
GEAR/ LUBRICANT/ LUBRICATION/ MECHANICAL/ RCLLING/ SEAL/ SPACE/ SPACE
ENVIRONMENTAL LUBRICATION/ SYSTEM
64N19952# ISSUE 12 CATEGORY 17 62/02/00 122 FAGES UNCLASSIFIED
DOCUMENT
LUBRICATION IN SPACE
(SPACE ENVIRONMENT LUBRICATION)
A/SALMON, W. A.; B/SCAMMELL, H. (SCAMMELLt H. /LITTLE /ARTHUR
0./, INC./ FD.)
BAIRD-ATOMIC, INC., CAMBRIDGE, MASS.; LITTLE (ARTHUR D.), INC.,
CAMBRIDGE, MASS.
<1963< 122 P REFS PROCEEDINGS OF A SYMP. HELD AT CAMBRICGE,
MASS., 7-9 FEB. 1962
/*LUBRICATION/ BEARING/ CHAMBER/ GEAR/ INTERPLANETARY/ PLASMA/
RADIATION/ RING/ SLIP/ SPACE ENVIRONMENTAL LLBRICATICN/ SPACE FLIGHT/
SUN/ VACUUM
PAC AI fTTvC 77- 170 n : A')
64N19364* ISSUE 12 CATEGORY 17 64/00/00 6 PAGES UNCLASSIFIEC
DOCUMENT
ADAPTATION OF A MOS SUB 2 "'IN SITU'' PRCCESS FCR LUBRICATING
SPACECRAFT MECHANICAL COMPONENTS
(ADAPTATION OF MOLYBDENUM SULFIDE IN SITU PROCESS FCR LUBRICATING
SPACECRAFT MECHANICAL COMPONENTS)
A/VEST, C. E.
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION. GCCDARC SPACE FLIGFT
CENTER, GREENBELT, MD.
IN AIAA 5TH ANN. STRUCT. AND MATER, CCNF. 1964 P 120-125 REFS
/SEE N64-19359 12-01/ AIAA- $7.50 MEMBERS, $15.00 hONMEMBERS
/*LUBRICATION/*MOLYBOENUM SULFIDE/*SPACECRAFT CCPPCNENT/ COMPONET/
DISULFIDE/ ELECTROCEPOSITION/ ENVIRCNMENT/ FILM/ CXIDE/ SPACE/ SPACE
ENVIRONMENTAL LUBRICATION/ SPACECRAFT/.SUBSTRATE/ SLRFACE
64N17565* ISSUE 9 CATEGORY 17 NASA-RP-146 64/00/CO 10 PAGES
UNCLASSIFIED DOCUMENT
MECHANISM OF LUBRICATION FOR SCLID CARBCN MATERIALS IN VACUUM TO 10
TO MINUS 9 MILLIMETER OF MERCURY
(HIGH VACUUM LUBRICATION OF SOLID CARBON MATERIALS)
A/BUCKLEY, D. H.; B/JOHNSCN, R. L.
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION. LEhIS RESEARCH
CENTER, CLEVELANC, OHIO.
REPR. FROM ASLE TRANS., V. 7, 1964 P 91-100 FEFS PRESENTED AT
THE LUBRICATION CONF., ROCHESTER, N.Y., 15-17 CCT..1963
/*CARBON/*HIGH VACUUM/*LUBRICATION/ ALLVINUM/ FFICTICN/ MATERIAL/
METAL/ OXIDE/ SOLIC/ VACUUM/ WEAR
63N22954# ISSUE 23 CATFGORY 17 AEDC-TDR-63-154 63/10/00 45
PAGES UNCLASSIFIED DOCUMENT
(SPACE ENVIRONMENT LUBRICATION REQUIREMENTS)
A/MC RAE, W. F.; B/PINSON, J. D.
ARNOLD ENGINEERING DEVELOPMENT CENTER, ARNCLD AIR FCRCE STATICN,
TENN.
ARNOLD ENGINEERING DEVELCPMENT CENTER, ARNOLD AIR FORCE STATICN,
TENN. LUBRICATION REQUIREMENTS FOR SPACE ENVIRCNMENTS J. D. PINSCN AND
W. F. MC RAE OCT. 1963 45P. 16 REFS /AEOC-TCR-f3-154/
/*LUBRICATION/*SPACE ENVIRCNMENT/ ENVIRONMENT/ FACILITY/ SPACE/
SYSTEM
DA rr /1 IT(rMC 17f- 1' nr lint
63N19464# ISSUE 19 CATEGORY 17 ASD-TDR-63-474 AF 33/6571/-8240
63/05/00 140 PAGES UNCLASSIFIED DCCUMENT
(HIGH VACUUM AND HIGH TEMPERATURE ENVIRONMENT MAGNETIC BEARINGS)
A/EDGAR, R. F.; B/MC HUGH, J. C.; C/MERCHANT, E. k.; D/TOhKS, L.
GENERAL EL'CTRIC CO., SCHENECTAnY, N.Y. (ADVANCED TECH. LABS.)
GENERAL ELECTRIC CO., SCHENECTADY, N.Y. ADVANCED TECH. LABS.
MAGNETIC BEARINGS FOR AEROSPACE APPLICATIONS <FINAL REPCRT, MAR. 1962
- FEB. 1963< R. F. EDGAR, B. W. MERCHANT, Le TCNKS, AND J. Co MC HUGI
WRIGHT-PATTERSrN AFB, OHIO, AF FLIGHT DYN. LAB., MAY 1963 140P 29 REFS
/CONTRACT AF 33/657/-8240/ /REPT. f3GL107, ASD-TDR-63-474/
/*BEARING/*HIGH TEMPERATURE ENVIRONMENT/*MAGNETIC FIELC/*VACUUP
SYSTEM/ AEROSPACE/ ELECTRIC/ ELEMENT/ ENVIRONMENT/ FIELD/ FRICTICN/
FRICTIONLESS/ HIGH TEMPERATURE/ HIGH VACUUM/ LUBRICAIICN/ PAGNETIC/
MAGNETISM/ MAGNETOHYDRODYNAMICS/ RADIATION/ SEAL/ SLPPCRT/ VEHICLE
6 3N17683# ISSUE 16 CATEGCRY 17 MTI-62TR34 AF 33/657/-8666
62/11/06 47 PAGES UNCLASSIFIED DOCUMENT
(COMPLEX BEARING AND/OR LUBRICATION SYSTEMS)
A/LEWIS, P.; B/MURPAY, S. F.; C/PETERSCN, M. B.
MECHANICAL TECHNOLOGY, INC., LATHAM, N.Y.
MECHANICAL TECHNOLOGY INC., LATHAM, N.Y. INVESTIGATICN CF CCMP.LEX
BEARINGS AND/OR LUBRICATION SYSTEMS SECOND QUARTERLY TECHNICAL PRCGRESS
REPORT, AUG. 1 - NOV. 1, 1962 P. LEWIS, S. F. MURRAY, AND M. B.
PETERSON NOV. 6, 1962 47P 5 REFS /CONTRACT AF 33/657/-8666/
/MTI-62TR34/
/*BEARING/*LUBRICATION SYSTEM/ ACCESSORY/ ALLMIFUM/ CARBIDE/
CERAMICS/ CIRCULATION/ EQUIPMENT/ FILM/ FLIGHT/ FLLID/ GAS/ HIGH
TEMPERATURE/ HIGH VACUUM/ LUBRICATICN/ MAGNETIC/ MACNETISM/ METAL/
MOLYBDENUM/ NUCLEAR/ OXIDE/ RADIATION/ ROLLING/ ROTATICN/ SILICATE/
SOLID/ STELLITE/ SUSPENSION/ SYSTEM/ TITANIUM/ TUNGSTATE
63N17014# ISSUE 15 CATEGORY 33 RM-3164-PR AD-276365 AF
49/638/-700 62/05/0') 11 PAGES UNCLASSIFIED DOCLPENT
(ORIGIN OF FATIGUE CRACK AS SURFACE PHENOMENA)
A/SHANLCY, F. R.
RAND CORP., SANTA MONICA, CALIF.
RAND CnRP., SANTA MONICA, CALIF. NEW EVIDENCE COKCERNING THE
ORIGIN OF FATIGUE CRACKS AS A SURFACE PHENCMENON F. R. SHANLEY MAY
1962 11P 10 R7FS /CONTRACT AF 49/63e/-70'), PRCJ. RAND/ /RM-3164-PR,
AD-276365/
/*CRACK/* FATIGUE/*SURFACE/ BRITTLENESS/ CCRRCSICN/ DISLCCATIEN/
DUCTILITY/ EFFECT/ GROWTH/ HIGH VACUUM/ LUBRICATICN/ RESISTANCE/ SLIP/
TENSION
PAGE 45 (ITEMS 133- 135 OF 1381
63N15479 ISSUE 12 CATEGORY 18 SB-63-5 63/03/00 UNCLASSIFIEC
DOCUMENT
(BIBLIOGRAPHY - COLC WELDING IN VACUUM - MATERIALS SCIENCE)
A/BUGINAS, S. J.
LOCKHEED MISSILES AND SPACE CO., SUNNYVALE, CALIF.
LOCKHEED MISSILES AND SPACE CO., SUNNYVALE, CALIF. CCLC WELDING
IN A VACUUM- AN ANNOTATED BIBLIOGRAPHY SCOTT J. BLGINAS, CCMP. VAR.
1963 24P 44 REFS /SB-63-5/
/*BIBLIOGRAPHY/*MATERIALS SCIENCE/*WELDING/ AERCSPACE/ CCLD/
ENERGY/ ENVIRONMENT/ FRICTION/ GATE/ HIGH VACUUM/ LLBRICATICN/ METAL/
MISSILE/ OXIDATION/ RECUCTION/ SEIZURE/ SPACE/ SURFACE/ TEMPERATURE/
VACUUM/ WEAR
63N10929 ISSUE 2 CATEGORY 17 62/00/00 12 PAGES UNCLASSIFIEC
DOCUMENT
(LUBRICATION IN SPACE ENVIRCNMENTS)
A/ADAMCZAK, R. L.; B/BENZING, R. J.; C/SCHWENKER, H. S.
DIRECTORATE OF MATERIALS AND PRCCESSES, AERCNAUTICAL SYSTEMS DIV.,
WRIGHT-PATTERSON AFB, OHIO.
DIRECTORATE OF MATERIALS AND PROCESSES, AERONAUTICAL SYSTEMS
DIV., WRIGHT-PATTERSON AFBt OHIO LUBRICATICN IN SPACE ENVIRCNMENTS R.
L. ADAMCZAK, R. J. BENZING, AND H. SCHhENKER IN SOC. CF AERCSPACE
MATER. AND PROCESS ENGR. NATIONAL SYMP. ON EFFECTS CF SPACE ENVIRONMENT
ON MATERIALS, ST. LOUIS, MAY 7, 8, AND 9, 1962 12P /SEE N63-10912
02-01/
/*ENERGY TRANSFER/*LUBRICATION/*SPACE ENVIRONMENT/ ALIPHATIC/
AMBIENT/ AROMATICS/ COCLANT/ DEBRIS/ DRY/ ENERGY/ ESTER/ GREASE/
HYDROCARBON/ LUBRICANT/ MINFRAL/ OIL/ POWDER/ PRESSLRE/ SILICON/ SPACE/
TRANSFER
62N12809*# ISSUE 8 CATEGORY 18 JPL-TR-32-150
NASW-6 61/11/01 124 PAGES UNCLASSIFIED DOCUMENT
(MATERIALS BEHAVIOR IN SPACE ENVIRONMENT)
A/JAFFE, L. 0.; B/RITTENHOUSE, J. B.
JET PROPULSION LAB., CALIF. INST. OF TECH., PASACENA.
JET PROPULSION LAB., CALIF. INST. OF TECH., PASADENA. BEHAVICR CF
MATERIALS IN SPACE ENVIRONMENTS. L. D. JAFFE AND J. B. RITTENHOUSE.
NOV. 1, 1961. 124 P. 330 REFS. /NASA CONTRACT NASh-6/ /JPL-TR-32-150/
/*MATERIAL TESTING/*SPACE ENVIRCNMENT/ BELT/ BOLT/ CELLULCSE/
CONFIGURATION/ DEBRIS/ EFFECT/ ENGINE/ ENGINEERING/ ENVIRONMENT/ EPCXY/
EROSION/ ESTER/ LUBRICANT/ LUBRICATION/ MATERIAL/ tETECRCIC/ NUT/
NYLCN/ OIL/ OPTICS/ ORCANIC/ PARTICLE/ POLARIZATIONl PCLYMER/ PRCPERTY/
QUANTITY/ RADIATION/ REGION/ RESIN/ ROUGHNESS/ SILICCNE/ SPACE/ SUBIC
PROJECT/ SUBLIMATION/ SUN/ SURFACE/ TEMPERATURE/ TEST/ ULTRAVIOLET/
VACUUM/ WING/ ZETA MACHINE/ ZCNE
CONTENT OF NASA LITERATURE SEARCHES
This NASA Literature Search is based on a computerized records search of the technical
reports, journal articles, books, conference papers and other publications stored in the NASA
scientific and technical information system. Most of these documents have been announced
either in NASA's abstract journal Scientific and Tecldical Aerospace Reprt (STARI or in
Initernational Aerospace Ah.stracts (A,-A i, an abstract journal published by the American Insti-
tute of Aeronautics and Astronautics (AIAA) under a NASA contract. No abstracts are in-
cluded in the literature search.
ARRANGEMENT AND FORMAT OF CITATIONS
The citations in this literature search are arranged in retrogressive accession number order
within each accession number series by year. This means that the latest accession in each
series is listed first with the oldest accession listed last.
The technical reports (unpublished literature) are included in the "N" accession number
series whereas journal articles, books, and conference papers (published literature) are in-
cluded in the "A" accession number series.
An example of a technical report reference citation with each of its elements labeled is
reproduced below:
AVAILABI. ON MICROFICHE STAR ANNOUNCEMENT ISSUE
NASA SPONSORSHIP PAGE NO. IN STAR ANNOUNCEMENT ISSUE
g SUBJECT CATEGORY IN STAR
NASA ACCESSION
NUMU" "ER 1'47-10217*# ISSUE 1 .PAGE 28 CATEGRY 7. NAS
rtORTNUMUER - - 4-CR-130107 SASR-1 INGR-47-004-09Q 72/07/01 49
PAGES UNCLASSIFIED OOCUMFNT i -COWNTRAC lOR RANT
TITL THF INFLUENCE OF POLARIZATION IN 4ILLIMETER WAVF
LPROPAGATI'ON THROUGH RAIN
(4EASURFMENT AND ANALYSIS OF DEPOLARIZATION AND]
DIFFFRENTIAL ATTENUATION DURING PROPAGATION OF MIL . NOTAT
LIMETFR WAVE SIGNALS THROUGH RAIN) SEMIANNUAL ST OF CONTENT
ATUS REPORT, 1 JAN. - 30 JUN 1972
AUTHORS - A/ROSTIAN, C. W.; R/STUTZMAN# W L.
CORPORATE [ VIRGINIA POLYTECHNIC. INST. AND STATE UNIV.9 BLAC
souRCE SLKRURG. [AVAIL NTIS HC $4.50] AVAILABIUTV SOURCE
ANO PRICE
/*ELECTROMAGNFTIC WAVE TRANSMISSION/*MILLIMETFR
WAVES/*RAIN/*WAVE ATTENUATION/ FOUIPMENT SPECIFICI- IN
ATIONS/ RADIn FRFOUFNCY INTERFFRENC-/ TEST EQUIPMI
NT/ TRANSMITTER RECEIVERS J
FIGURE 1. TECHNICAL REPORT CITATION
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An example of a published literature reference citation with each of its elements labeled
is reproduced below:
AVAILAU I ON MICROFICHE IAA ANNOUNCE o.ENT IU
NASA SPONSORSHIP T 
PAGE NO. N IAA
sAACCEON-----A A73-1 1 2 3 7 *9# ISSUE I PAGE 54 CATEGnRY 14 72/11/00 ANNOUNCMNTISSU
u2 PAGFS UJNCLASSIFIED CCCUMFNT I NEPCT A onAE T I'NOA
TITLE CLEANING OF CCNTAMINATED 
CHANNEL ELECTRON MULTIP
[I ER ARRAYS,
(OXYGEN PLASMA FOR CLEANING POLYMERIZED ORGANIC
MATERIAL COfNTAMINATED CIL-PUMPED CHANNEL ELECTRON 
NOTATION
MULTIPLIER ARf.'IYS USEC AS VACUUM UVTO VISIRLE R 
CONTENT
IATIfN CCNVERTERS)
AurTOs (--[A/HAPLfW, F. E.; 9/-UNTFR, W. R.1 B/(U.S. NAVY AUTHO
SEF. n. HULBUIT CENTEP FOR SPACE PESEAPCH, WASHING AFFIUATION
TON, D),r,
TITLOFPEIIIOOICAL..4- [ APPLIED ('PTICS, VOL. II, NOV. 
1972, P. 2719, 272
o NASA-SUPPORTED RESFAPCH.
/*CLEt.NING/*OEClINTAMINt.TION/*ORGANIC MATFRIALS/
*OXYGEN PLASMA/*PHCT1MLLTIPLI E R TUBES/ CONVERTERS/ INDEXTEMS
FAR ULTRAVIOLET RADIATICN/ LIGHT (VISIBLE RADIATII
ONI/ PHOTOSENSITIVITY/ PCLYMERIZATION/ VACUUM PUMP
S/ VACUUM SYSTEMS ]
FIGURE 2. PUBLISHED LITERATURE CITATION
DATA ELEMENTS IN THE CITATIONS
Accession number- a unique number assigned for identification to each document processed
into the NASA system. The letter at the beginning of the accession number represents 
the
following series:
"A" - announced in International A erospace A bstracts
"B" - published as a NASA Tech Brief, a one- or two-page announcement of 
an in-
novation, concept, device or technique
"N" - announced in Scientific andl Technical Aerospace Reports or an unpublished
report that was not announced in IAA or in STAR because of its age or the pre-
liminary nature of its contents.
The two-digit number (73) immediately following the letter is composed of the last two
digits of the year (19 7 3 ) in which the document was processed into the NASA system.
The number following the hyphen (10217 in Figure 1; 11237 in Figure 2) is assigned in se-
quence as the documents are processed. The sequence is repeated 
each year, starting with the
number 10001. Some blocks of numbers have been designated to special subgroups 
identified
as follows:
N62-60001 through N62-72596-technical reports that were abstracted and announced
in a NASA Special Publication titled Index. to .ASA Technical Publications (NASA SP-9),
which is available from the National Technical Information Service (NTIS, formerly
CFSTI), Springfield, Virginia 22151.
N---80001 through N---89999 for 1963 to 1967 and N---70001 through N---89999 for 1967
to date-techi~ical reports that are relatively old at the time of processing or contain preliminary
information. These references have not been abstracted or announced in STAR or IAA. 
but
their citations may be retrieved by the computer.
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A---80001 and above published literature citations that have been abstracted and an-
nounced ill a NASA Special Publication titled .ieromspace .Ildici a(tl Iliologr. ..I (Colliluidg
lihliograpl l with li,.\ve.% (NASA SP-7011 and its supplcmcnts). a\ailable fromn NTIS. The use
of this accession number series for this special purpose ended in July\ 1969.
.\..IS. ~~Ir')urhi2 Mhen the asterisk (*) is printed after the accession number, the docu-
ment cited \as, \\ ritten either by a NASA employee or \was % ritten I nder NASA funding.
., vailable oil microlici whcen the sumbol (f) is printed in the location shown in these
example,,. microfiche copies ha\e been made of the document cited. A microfiche is a trans-
parent sheet of film. 105 x 148 mm in size, containing up to 98 pages of information reduced
to micro imaes (not to exceed 24:1 reduction).
Annu1 ilolccnentl issue-the issue (Issue I in Figures I and 2) of STAR or IAA. during
the year indicated in the accces.sion nuiher (1973) in which the citation and abstract of
the documnent \ere printed. If the document w\ as not announced in ST.I R or /..-I, this element
and the two that follo\% \ ill not appear in the printout.
Page nluher the number of the page in STA R or /.I.-I on which the citation and abstract
may be found.
('cagore ttv nutler the subject category section of ST, R or /.-I.I in which citation and
abstract may be found.
Re'port i lnmher all numbers assigned to a specific document by the originating agency,
the corporate source, or the accession number assigned by another government agency.
Conitraci or Grait the numbers of all contracts, grants or orders cited in a document
as the financial support for the research reported.
Report Date Indicates the date the document was published. Documents not bearing
dates of publication have these dates supplied by the cataloger from the best available evidence.
Entry is Year/Month/Day.
7Til--the descriptive designation of a document as it appears on the title page or cover of
a report. or at the beginning of a journal article.
.\olatilo (lConlent- a brief description of the contents of a document. In some cases, a No-
tation of Content is not included.
Athor(m-. the name of the person or persons who created the document. When there is
more than one author, the names of the authors are listed in the search citation in alphabetical
order, regardless of the order in w\hich they are listed in the document. Preceding each author's
name is ai code letter in alphabetical sequence (A/. B/, C/). In a published literature citation,
the code letter preceding the author's name corresponds with the second letter of a two-letter
code (AA/, A B/. AC/) preceding the author's affiliation (see . utithor a//filiation, below). Thus
an author preceded by A/ was affiliated with the organization preceded by AA/: an author
preceded by B/ w\as affiliated with the organization preceded by AB/, etc. If a published litera-
ture citation has only one author affiliation, it applies to all authors listed regardless of the
code letters appearing wih it. In a technical report citation, the two-letter code precedes
information related to the author.
.- 1ithor a//iliItion in a published literature citation, the organization in which the author
was workiinig at the time the document \as-, prepared.
C(l) poratw' v.ource in a technical report citation, the name of the organization issuing the
document cited, and \\hich is experimentally (or technically), editorially, or contractually
responsible for the document. It is the name of the body which actually prepared the document,
cited in the form that was current at the time of the document's release, as indicated in the
document.
,A vailahilit r source -a source from which the document is available to the public.
Title oi'LPriodical the name of the journal, book, or other work in which the cited article
was originall) printed. This is followcd by the volume number, issue number and page num-
bers, if applicable, to identify the citation in relation to the published work in which it was
printed.
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Index terms-all of the subject terms used to index the document, whether or not the indi-
vidual terms apply directly to this search. Terms preceded by an asterisk are those used in the
STAR or Il A Subject Indexes; these are listed first. The remaining terms are stored in the com-
puter for machine searching purposes.
AVAILABILITY OF DOCUMENTS
Many of the technical reports cited, and many of the journals or books from which the
published literature citations were selected, may be available in your organization's library
or other local libraries.
"N" and "B" Entries
A source from which a technical report ("N" series) or a NASA Tech Brief ("B" series)
is available to the public is ordinarily given in the citation following the abbreviation
"AVAIL:". The NASA accession number is sufficient when ordering NASA and NASA-spon-
sored documents from the National Technical Information Service. When ordering non-NASA
documents from the issuing agency or other source, particularly NTIS, it is essential that
additional bibliographic information, such as the report number, be given.
The following are the most commonly indicated sources (full addresses of these organiza-
tions are listed at the end of this Introduction):
Avail: NTIS. Sold by the National Technical Information Service as indicated: Currently Announced Documents.
Facsimile (reproduced on demand) copies are sold for $3.00 plus 25 cents for every 5 pages over 20 pages, effective
for all documents having the accession number N72-22991 (the first accession in 1972 STAR 14) or higher. The
full price is shown in the citation.
Printed NASA Documents. Documents such as NASA Technical Reports, Technical Notes, Special Publications,
Contractor Reports, Technical Memorandums (numbered below 50,000), and Technical Translations (below 8,000)
are priced at $3.00 fQr documents of 300 pages or less; $6.00 for those in the 301-600 page range; $9.00 for those
having 601-900 pages; and individually priced above 900 pages. Documents available both from the Superintend-
ent of Documents (SOD), Government Printing Office, and from NTIS have the SOD price. All prices are shown in
the citation.
Documents Anntouinced Between Jul 1970 and July 1972. All documents with accession numbers between
N70-27805 and N72-22990 are sold at the previously announced standard price, whether printed copy or facsimile
is supplied. If "Avail: NTIS" appears in the citation, the document is sold at $3.00. Any other price is shown in
the citation.
Documents Announced Prior to Jul 1970. A surcharge of $3.00 is applied to each document that, as of STAR
Issue 14, 1972, is two years old from the time of its announcement, i.e., to all documents with an accession
number lower than N70-27805 (the first accession number in Issue 14, 1970, of STAR), but not to more recently
issued documents. Therefore, documents with older accession numbers of 300 pages or less are priced at a total
of $6.00. Since no surcharge is applied to documents with over 300 pages, documents in the 301- to 600-page
range are also sold for $6.00 in hard copy, and those in the 601- to 900-page range are sold at $9.00. Those
exceeding 900 pages are priced by NTIS on an individual basis, except when priced by SOD. These prices do not
change with time.
Microfiche. Microfiche is available from NTIS at a standard price of $1.45 cents(regardless of age)for thosedocu-
ments identified by the # sign following the accession number (e.g., N72-1041 I#) and having an NTIS availability
shown in the citation. Standing orders for microfiche of (1) the full collection of NTIS-available documents an-
nounced in STAR with the # symbol, (2) NASA reports only (identified by an asterisk (*)), (3) NASA-acces-
sioned non-NASA reports only (for those who wish to maintain an integrated microfiche file of aerospace docu-
ments by the "N" accession number), or (4) any of these classes within one or more STAR categories, also may
be placed with NTIS at greatly reduced prices per title (e.g. 45 cents) over individual requests. Inquiries concerning
NTIS Selective Categories in Microfiche shoule be addressed to the Subscription Unit, National Technical
Information Service.
iv
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Avail: SOD (or GPO). Sold by the Superintendent of Documents, U.S. Government Printing Office, in hard
copy. The price and order number are given following the availability line. (An order received by NTIS for one of
these documents will be filled at the SOD price if hard copy is requested. NTIS will also fill microfiche requests, at
the standard 95 cent price, for those documents identified by a # symbol.)
Avail: NASA Public Document Rooms. Documents so indicated may be examined at or purchased from 
the
National Aeronautics and Space Administration, Public Documents Room (Room 126), 600 Independence Ave.,
S.W., Washington, D.C. 20546, or public document rooms located at each of the NASA research centers, 
the Mis-
sissippi Test Facility, and the NASA Pasadena Office at the Jet Propulsion Laboratory.
Avail: NASA Scientific and Technical Information Office. Documents with this availability are usually news
releases or informational leaflets available without charge in paper copy.
Avail: AEC Depository Libraries. Organizations in U.S. cities and aboard that maintain collections of U.S.
Atomic Energy Commission reports, usually in microfiche form, are listed in Nuclear Science Ab.stracts. Services
available from the USAEC and its depositories are described in a booklet, Science I!l/ormation A railable fron the
Atomic Energy Conniission (TID-4550), which may be obtained without charge from the USAEC Technical
Information Center.
Avail: Univ. Microfilms. Documents so indicated are dissertations selected from Dissertation Abstracts and are
sold by University Microfilms as xerographic copy (HC) at $10.00 each and microfilm at $4.00 each regardless of
the length of the manuscript. Handling and shipping charges are additional. All requests should cite the author and
the Order Number as they appear in the citation.
Avail: USGS. Originals of many reports from the U.S. Geological Survey, which may contain color illustrations,
or otherwise may not have the quality of illustrations preserved in the microfiche or facsimile reproduction, may
be examined by the public at the libraries of the USGS field offices whose addresses are listed in this Introduction.
The libraries may be queried concerning the timely availability of specific documents and the possible utilization
of local copying services (e.g., color reproduction).
Avail: HMSO. Publications of Her Majesty's Stationery Office are sold in the U.S. by Pendragon House, Inc.
(PHI), Redwood City, California. The U.S. price (including a service and mailing charge) is given, or a conversion
table may be obtained from PHI.
Avail: National Lending Library, Boston Spa, England. Sold by this organization at the price shown. (If none is
given, an inquiry should be addressed to NLL.)
Avail: ZLDI. Sold by the Zentralstelle fur Luftfahrtdokumentation und -Information, Munich, Federal Republic
of Germany, at the price shown in deutschmarks (DM).
Avail: Issuing Activity, or Corporate Author, or no indication of availability. Inquiries as to the availability of
these documents should be addressed to the organization shown in the citation as the corporate author 
of the
document.
Avail: U.S. Patent Office. Sold by Commissioner of Patents, U.S. Patent Office, at the standard price of 
50 cents
each, postage free.
Other availabilities: If the publication is available from a source other than the above, the publisher 
and his
address will be displayed entirely on the availability line or in combination with the corporate author line.
"A" Entries
Published literature ("A"' series) documents cited are available from the Technical Infor-
mation Service. American Institute of Aeronautics and Astronautics, Inc. Paper copies are
available at $5 per document up to a maximum of 20 pages. The charge for each additional
page is 25 cents. Microfiche are available at the rate of $1 per microfiche for documents
identified by the # symbol follo\ing the accession number. A number of publications, because
of their special characteristics, are available only for reference in the AIAA Technical Infor-
mation Service Library. Please refer to the accession number, (e.g., A71-25629) when request-
ing documents.
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Purchase of STAR and IAA
The semimonthly issues and cumulative index issues of STAR are available postpaid on
subscription and in single copy from the Superintendent of Documents. For the semimonthly
issues, the annual domestic subscription rate is $118; the domestic price for a single copy is
$5.00. For the cumulative index issues, the annual domestic subscription rate is $37.50; the
price for a single copy varies with the number of pages. Payment should be by check, money
order or document coupons, and must accompany the order.
The semimonthly issues and cumulative index issues of IA A are available postpaid on sub-
scription from the Technical Information Service, American Institute of Aeronautics 
and As-
tronautics, Inc. For the semimonthly issues, the annual domestic subscription rate is $110. For
the cumulative index issues, the annual domestic subscription rate is $75.
Purchase of NASA Tech Briefs
Subscriptions to NASA Tech Briefs may be purchased from NTIS (Attention: Code
410.4). NASA Tech Briefs issued from 1970 on are divided into nine categories. The charge for
an annual subscription to all nine categories is $31. Subscription rates for single categories
are:
Electronics/Electrical $10.75
Electronic/Electrical Systems $9.50
Physical Sciences $9.50
Materials/Chemistry $9.50
Life Sciences $8.25
Mechanics $8.25
Machinery, Equipment, and Tools $8.25
Fabrication Technology $9.50
Computer Programs $10.75
A complete set of NASA Tech Briefs issued prior to 1972 may be purchased for $150. All
NASA Tech Briefs issued in 1963 or 1964 may be purchased for $10; and all NASA Tech Briefs
issued in each year since then for $20 per year. Individual copies are available at $2.50 for one
title, 25c each additional title.
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PURPOSE
To determine if the flow rate of the ATM CMG Dynamic
Lubrication System is sufficient in the temperature range
of 50F to 800F.
DISCUSSION
As part of the failure investigation for ATM CMG S/N P-5
which failed onboard Skylab, a test program was initiated
at Bendix Guidance Systems Division to measure the lubri-
cant flow rate from the control moment gyros inner gimbal
and rotor assembly (IGRA) dynamic lubrication system in
the temperature range of 500F to 900 F. Lubrication
system flow rate at 90oF was specified to be between .05
and .120 mg/hr with a variance of .030 mg/hr at 900F,
from one test run to the next run. It should be noted
that all testing was performed at 8000 rpm, however, the
system operates in the IGRA at 9100 rpm. Therefore all
measured flow rates will have to be ratioed up by multi-
9100 2
plying the measured flow rate at 8000 rpm by (gnu) to
yield the flow rate at 9100 rpm.
Prior to any testing at low temperatures, three room
temperature flow rates were taken on lubrication system
S/N 15 to extablish a firm baseline set of data. These
runs resulted in flow rates of .048, .056 and .051 mg/hr
at 8000 rpm and at temperatures of 79.5 0 F, 82.40 F, and
830 F, respectively. When normalized to 900 F, these flow
rates become .075,.077 and .069 mg/hr, respectively, which
are well within the specification of .05 to .120 mg/hr
and also satisfy the .030 mg/hr allowed variation. When
upgraded to 9100 rpm operation, the flow rates are .0975,
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.10 and .0896 mg/hr.
The flow rate test fixture with lubrication system S/N 15
was then set up in a standard cabinet cold chamber for
testing in the 50 F to 60oF temperature range. The
chamber was stabilized at a temperature of 60 F and
then a 114 hour flow rate test was performed. At the
completion temperature was 67 F. The chamber was then
stabilized at 50oF and a 105 hour flow rate test was run,
resulting in a lubrication system temperature of 560F.
See Table 1 for the results of these tests.
Once these two temperature exposures were completed, a
flow rate test was performed at room temperature to
verify the integrity of the lube system. This flow
rate test required in a normalized flow rate of .072 mg/
hr at 8000 rpm. Since this flow rate agreed perfectly
with the room temperature baseline tests, the system was
not altered by the cold temperature exposures.
Flow rate tests were then repeated at chamber temperatures
of 520F and 45 F with resulting lube system temperatures
of 580F and 52.5 0 F, respectively, to verify the results
of the first two flow rates at the colder temperatures.
Correlation of the first set of cold temperature data to
the second set of cold temperature exposures was excellent.
At the completion of this second set of cold temperature
exposures another room temperature flow rate was performed
to again verify the integrity of the lubrication system.
This verification flow rate also agreed well with the
initial baseline tests.
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To verify the normalization factors to obtain the flow
rates at 900 F, a flow rate measurement was performed with
a chamber temperature of 85oF and a lubrication system
temperature of 880F for 98.8 hours.
Table 1 presents all the collected data on the previous
mentioned tests. This table presents the flow rates at
each temperature, the normalized flow rate for each run
to 900 F, and the flow rate for each test normalized to
90oF and 9100 rpm.
CONCLUS IONS
The test data compiled during this test program confirms
that the lubricant (KG-80 oil) flow rate from the ATM
CMG IGRA dynamic lubrication system does decrease with
operation at lower operating temperatures. These tests
show an -18.5% decrease in flow rate between 880F and
52.50F.
The compiled data for flow rate test runs between 50oF
and 90oF at 8000 rpm have been plotted in Figure 1.
Figure 1 also presents the theorical curves for flow
rates of .05 and .120 mg/hr at 90oF from 900F to 50oF
at 8000 rpm. Since these three plots present parallel
straight lines the theorical flow rate temperature
compensations on all previous lube nut testing is valid.
Figure #2 is a plot of the test data for lube system
S/N 15 plus the theorical curves of temp vs flow rate for
flow rates of.05 and .120 mg/hr at 900 F, adjusted to
9100 rpm. Again the three curves are parallel straight
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lines which further validates the theorical flow rate
temperature compensation factors.
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ATM CMG THERMAL VACUUM TEST
PURPOSE
To determine the effects of temperature on the drag
torque of the CMG spin bearing.
BACKGROUND
The failure of CMG No. 5 (Skylab CMG 1) and the
anomalies which occurred with CMG No. 6 (Skylab CMG
2) resulted in the investigation of the effects of
temperature on the bearing torque of the CMG spin axis
bearings. A life test fixture equipped with two
normally lubricated bearings was placed in a thermal
vacuum chamber and subjected to temperature changes
from 10OF to 155 0F. Current, speed, temperature and
torque were monitored throughout the test.
DISCUSSION
Life Test Fixture (BLTF) S/N #2 was equipped with two
normally lubricated spin bearings. In order to main-
tain a fixed quantity of oil (KG-80) in the ball bear-
ing, thus eliminating torque variations as a function
of lube quantity, the active lubrication systems were
not utilized during this test.
All testing was performed in a thermal vacuum chamber
(NRC model 2004), see attached ETS 10152, with the unit
securely mounted on a thermal platen. A thin layer of
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thermal silicon grease was applied to the mating faces
of the BLTF and the thermal platen in order to insure
proper thermal conductivity. The unit was accelerated
to operating speed (9100 RPM) at room temperature
( 70 F) and hard vacuum ( 10 - 7 torr).
A baseline set of data consisting of time, speed,
temperature, vibration and bearing torque was taken.
This resulted in an initial bearing torque of 1.62 oz-
in. The chamber temperature was decreased to OoF and
the unit was allowed to stabilize overnight. After
stabilization, the bearing temperatures were 10oF and
120F on sides 1 and 2 respectively; however, the unit
was no longer operating (was at zero speed). Without
removing power from the BLTF the chamber was gradually
increased in temperature until wheel rotation was de-
tected. Once rotating, acceleration to 9100 RPM
occurred in the normal interval of time and a torque
test indicated the torque was slightly lower than the
baseline torque (1.47 oz-in as opposed to 1.62). The
unit temperature was then decreased slowly from 65F
in approximately 100F increments. Torque tests were
taken at each plateau. At 240F the bearing drag torque
exceeded the motor torque and the unit stalled.
The temperature was increased in 100F steps to 1550F
with torque tests taken after each stabilization. The
final room temperature torque test resulted in a bear-
ing torque of 1.3 oz-in.
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Holding the unit at 10 - 7 torr, two 24 hour temperature
cycles were performed. The cycles started at 720F,
was increased to 900 F, decreased to 50
0 F, and returned
to 720 F. Torque tests were taken at the start and
finish of both cycles showing 1.30 oz-in of torque
on all occasions.
These temperature cycles were performed in an attempt
to produce any of the anomalies noted in CMG #2 on-
board Skylab.
CONCLUSIONS
Examining the data and the enclosed graph, we see that
the viscous drag increases with decreasing temperature
caused by the change in viscosity of the lubricant.
The exponential increase in torque below 30 F is due,
not only to viscosity change but primarily to the preload
change in the BLTF. This change in preload is a result
of the fact that the life test fixture configuration
does not allow the thru strut to control the bearing
preload spring clearance as it does in an actual unit
assembly. In the BLTF the aluminum housing with its
greater coefficient of expansion and its inherently
stiff cylindrical configuration closes down the pre-
load spring clearance at colder temperatures.
From the attached graph we see that the torque decreas-
ed consistently from 2.63 oz-in at 30OF to .84 oz-in at
155F. The variations in torques above 30oF are caused
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solely by the viscosity change in the oil. The two
temperature cycles between 900F and 500F showed no
variations of current, torque or speed.
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1/2 SPEE TORQUE BEARING TEMP. VIBRATION
HOURS RPM OZ-IN T1-F T 2F SIDE 1 SIDE 2
0:00 4525 1.62 70 70 10 7
1:00 4525 2.03 54 56 22 20
18:00 0 - 10 12 - -
20:35 4528 1.47 64 66 10 9
22:20 4527 1.51 42 44 11 8
23:50 4514 1.92 32 34 12 10
41:30 4492 2.66 30 31 9 8
41:35 4450 3.93 29 30 11 8
41:45 4400 5.07 26 27 10 8
41:50 4350 6.87 25 26 10 10
42:00 3972 8.87 24 25 10 10
43:10 4515 1.91 36 35 15 12
44:50 4521 1.66 46 47 8 8
46:00 4527 1.50 58 58 9 7
48:15 4531 1.37 68 68 8 8
67:45 4533 1.20 78 77 8 8
69:00 4536 1.12 88 85 8 8
137:00 4536. 1.06 96 92 16 8
139:30. 4536 .95 110 105 15 8
163:30 4537 .90 130 125 19 8
164:30 4537 .89 135 130 19 7
165:30 4539 .87 145 140 15 8
168:00 4540 .84 158 1-150 11 8
185:00 4530 1.27 70 72 8 8
237:00 4528 1.31 70 8 9I i
ETS NO.
TO 10152
--------------.---- 
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C. Gurrisi ENGINEERING TEST
SUMMARY DATE 8/27/74
COPIES TOs rTEST SPECIMEN DESCRIPTION
P. Imbeninato CMG SPIN BEARINGS
T. Sheppard .J. Pona ,O E MODEL NO. SERIAL NO.(S)
BENDIX 2123570-1 NONE
ASSOCIATED PROGRAM OR SYSTEM DESCRIPTION
ATM-CMG
TYPE OF TEST START TEST (DATE) END TEST (DATE)
TYPERMAL VACUUM 8/13/74 8/26/74
VACUM-ICOMPREHENSIVE ES
TEST ENGINEER SUPERVISOR 
REPORT FOLLOWSI NO _ X
R. Sabato
OBJECT OF TEST,
To evaluate the effect of hard vacuum and temperature 
on the CMG
Spin Bearings - Drag Torque Test.
TEST QUIPMENTAND IDENTIFICATION Calib. Due Date Freq. Calib.
Thermal Vacuum Chamber 8/31/74 1 yr.
(NRC Model 2004)
Temperature Indicator 8/31/74 1 yr.
(Controller) ALNOR
TEST SET-UP(S):
The specimen was positioned on the thermal platen inside 
the chamber
utilizing an application of thermal- silicon grease. The 
specimen was
interfaced to its test stand for functional data generated during
testing. A thermocouple junction was located on the platen and was used
to control the temperature of the platen. Additional thermocouples 
were
attached to the platen in such a manner as to monitor temperature
distribution along the platen surface (RE: Fig. 1).
DISPOSITION OF SPCIMEN(S):
Returned to the Engineering Project Group.
SHEET_ ....OF__.
ndix Navigation &Control Division
Teterboro. New Jersey 07608 ETS NO. 10152
ENGINEERING TEST SUMMARY (CONTINUATION SHEET)
TESTING PERFORMED AND .RESULTS:
-7
The specimen was subjected to reduced pressures in the 5x10 torr
range. During this condition, various temperature test points were
accomplished between OOF and 160 0 F. During these parameters, the
specimen was energized and functional data generated is in the
possession of the Engineering Project Group.
At the completion of this portion of testing, the specimen was sub-
jected to two 24 hour pressure/temperature cycles as illustrated in
Table I. Data generated during these tests was retained by the
Engineering Project Group.
At the completion of all testing, the specimen was visually examined
and no deterioration was observed, No malfunctions were reported by
the Project Group.
Thermal Vacuum Log Sheets are on file in the Thermal Vacuum Laboratory.
2 4
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1.0 PURPOSE
The purpose of this report was to document the results
of tests using minimally lubricated bearings in an
attempt to simulate current and speed anomalies similar
to those that occurred to the Skylab CMG #1 (S/N 5) and
CMG #2 (S/N 6) during the Skylab mission.
2.0 BACKGROUND
The primary mechanisms used to orient and maneuver the
Skylab space laboratory were three Control Moment Gyros
manufactured at the Bendix Guidance Systems Division.
These CMG's used two 107 H size angular contact ball
bearings, each had a wheel weight of 150 pounds, ran at
a speed of 9100 RPM and developed an angular momentum
of 2300 ft-lb-sec. The CMG's were tested both at Bendix
and at NASA Huntsville for approximately 1500 hours prior
to their launch in the Skylab space laboratory on May 14,
1973.
On November 23, 1973, after 195 days of continuous opera-
tion in space, ATM CMG S/N 5 (Skylab #1) experience what
appeared to be a bearing failure and ceased to function.
During the remaining 75 days of the mission, close moni-
toring of the speed, current and temperature data from
the remaining two functioning ATM-CMG's revealed periods
of apparent unstable behavior in ATM-CMG S/N 6 (Skylab
#2). These anomalies were in the form of slight speed,
current, and bearing temperature changes from normal,
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but did not affect the functioning of the gyro. However,
the trend of the data indicated a possible deterioration
in the performance of one of the two bearings paired in
this gyro. None of these anomalies were noted in the data
obtained from ATM CMG S/N 7, (Skylab #3). Both of these
remaining CMG's completed the mission of approximately
6500 hours in space and were run down after the egress
of the Skylab III astronauts on February 8, 1974.
The speed, current and temperature changes noted were
known as "gliches" and lasted anywheres from several
minutes to several hours. "Gliches" which remained
constant in both current and speed for most of its dura-
tion were referred to as "plateaus". Some plateaus
were of several hours duration. At no period, however,
did the wheel speed decrease more than 120 RPM below
the nominal speed (not necessarily 9100 RPM). This was
possibly due to telemetering and instrumentation varia-
tions as well as data collection location differences.
There were also other periods of "un-gliches" and "un-
plateaus" where the speed appeared slightly higher than
nominal and the current was correspondingly lower.
Other factors such as temperature cycling, gravity
gradient desaturations, and maneuvers which may have
directly or indirectly affected the initiation or
termination of an anomaly period. A change in the
bearing cartridge heater temperature cycle during the
last seven weeks of the mission led to a prolonged
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period, (four and one-half days) during which no ano-
malies were observed. During the first 32 weeks of
the mission the gyro temperature of CMG S/N 6 (Skylab
#2) cycled between +600 and +80 0F. During the last
seven weeks the cycle was +720 to +780F, thereby in-
creasing the lube nut (oil replacement system) flow
rate, which increased the quantity of oil to each bear-
ing and lowered the viscosity of the oil. The effect
of this change was to decrease the frequency of occur-
ence of the "gliches" at least temporarily. It was
during this later period of increased average tempera-
ture that several periods of "ungliches" occurred.
A review and investigation of this data by a committee
of personnel from various NASA centers, Bendix engineer-
ing, as well as independent consultants led to the con-
clusion that primary factor for the occurrence of these
anomalies was most likely lack of adequate lubrication
in the #2 bearing on CMG #6. (Ref. 40M23157 NASA-MSFC).
Therefore the tests in this study were conducted utiliz-
ing bearings with known degrees of marginal lubrication
in an attempt to simulate the temperature, speed and
current anomalies experienced by CMG S/N 6 (Skylab #2)
and CMG S/N 5 (Skylab #1).
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3.0 DISCUSSION
Three tests were conducted under the following condi-
tions of bearing marginal lubrication.
a) Test # 1
Dry retainer
Dry bearing metal parts
b) Test #2
Dry retainer
500-1 solution of freon to KG-80 oil on the
bearing metal parts
c) Test # 3
Dry retainer
50-1 solution of freon to KG-80 oil on the
bearing metal parts.
All of these tests were performed in the spin axis
vertical position with the test bearing at the bottom.
The tests were conducted in this attitude to simulate a
worst case condition where the oil from the lube nut
must migrate or be pumped against 1 "g" to relubricate
the minimally lubricated test bearings. It is assumed
that in a zero "g" space environment, the dispersion
and migration of the oil will be more random than in a
1 "g" field. Assuming similar temperature gradients,
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the space environment would allow quantities in excess
of these tests to enter the bearing race contact area.
Therefore, if sufficient oil migrates against 1 "g" to
replenish the minimally lubricated test bearings in
these tests, then there is greater probability that the
Skylab bearings in question were adequately relubricated.
If the test bearings do not recover sufficient oil,
there is more reason to doubt the sufficiency of the
rate of oil migration into the bearing race of the
Skylab bearings.
The bearing used was Barden S/N BB18, a bearing that had
been previously run on life tests for approximately 1000
hours, and which exhibited the normal metal tracking
associated with this amount of run-in time.
In each test the bearing metal parts were cleaned per
MT-13,923 after removal of whatever residues and debris
were left from previous tests.
The bearing retainers used in each test were completely
devoid of oil to prevent supplementary lubrication of
the bearings. This was accomplished.by
extraction in freon for approximately 16 hours and
vacuum baked for twelve hours prior to assembly into
the test bearing. The test bearing was then assembled
along with a normally lubricated bearing into a life
test fixture and preloaded to the normal 40# thrust load
as in the Skylab ATM-CMG's. The life test fixture applies
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no radial load other than the weight of the shaft and
so simulates to a certain extent the weightlessness of
the ATM-CMG wheel in space.
The life test fixture is driven by one standard ATM-
CMG motor developing approximately nine oz-in. of
torque at 455 Hz and 130 volts. Synchronous speed is
approximately 9100 RPM.. The normal torque of bearing
paired in a life test fixture is 1.5-2.0 oz-in. Since
there is very little inertia for the motor to contend
with in the life test fixture, small torque changes
will be reflected in pronounced speed and current changes.
The inertia of the life test fixture shaft is .045 in.
lb. sec 2 compared with 29.0 in. lb. sec 2 for an ATM-CMG.
Various test equipment was set up to monitor these
changes. (See Photo 1). Visual readout of speed, motor
current, vibration levels of both bearings and the
temperatures of the test bearing was provided. In
addition, a six channel recorder was continuously moni-
toring AD motor current, wheel speed (actually 1/2 speed),
test bearing temperature, and the vibration levels of
both bearings. However no meaningful data was recorded
during test number 1 since the test bearing "failed"
within three minutes. The speed traces recorded duriilg
tests 2 and 3 utilized an automatic reset device. Dur-
ing test number 2 the pen reset every ten counts, or
20 RPM, which made for very accurate recording of small
speed changes. However, larger speed changes were very
iiri 
Page 
7
8isiiB
n
rHn
B
rI%
B
II~
rrrre a
r
1r
P g
I~ 1b':;t 
cc
s 
OEO
"
 r~
 
xPc
Ig 
Epr
dpi 
~
a~W
I!~8~~sl 
9B"ei~6~:: 
:t~
i'i; 
B
 
a
ri
r 
~lf
Fi,lil
"
 i~iiil
rIarrU
69-3213
Issue: Original MT-15,786
Date: 6 January 1975 Page 8
difficult to interprete without visually reading the
counter. During test number 3 the setting was changed
to reset at 100 counts or 200 RPM intervals. Sudden
speed changes in excess of 200 counts were difficult
to interpret on the tape and many speed readings taken
during "failure" and "recovery" periods were visual
readings from the speed counter.
4.0 RESULTS
Test #1 - The completely dry bearing of Test #1 ran for
approximately three minutes, including a run up time of
approximately 45 seconds. The bearing torque then ex-
ceeded the motor torque and the speed dropped to zero.
The period of run was too short to record any meaning-
ful data.
Visual examination of the bearing metal parts and retainer
revealed that the increase in torque was caused by the
deposition of residues and debris from the bearing retain-
er pockets onto the bearing races and balls. This debris
and resinous residues deposited on the races and balls
was generated by the friction and localized overheating
caused by the rub of the balls in the lead and lag seg-
ments of the unlubricated ball pocket surfaces.
The bearing metal parts showed no wear and no evidence
of spalling or oxidation after removal of the debris and
residues. The retainer was ultrasonically recleaned in
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freon and except for the burnishing in the ball pockets
which occurred during the test, there was no other
physical damage. The retainer was then vacuum baked
for 16 hours at 1800F.
Test #2 was conducted using the same bearing and re-
tainer as in Test #1. In this test the metal parts
were dipped into a 500-1 mixture of freon to KG-80 oil,
leaving a very thin film of. oil on the. metal parts after
evaporation of the freon. The bearing was then assembled
with the cleaned and dried retainer and replaced into
the life test fixture.
Test #2 ran for approximately eleven minutes before
anomalies in the traces were noted. At this point in
the test, calibration of the test equipment was still
in progress, and direct correlations could not be made
accurately. However, for the next several minutes there
were periods of audible retainer squeal, accompanied by
speed and current changes.
The remainder of the 3-1/2 hour run illustrated a variety
of anomalies (see Figure 1). There were cases of sharp
changes in vibration level both with and without changes
in speed or current. There were periods of change in
speed and current both with and without changes in vibra-
tion level. The period of audible bearing, or retainer
noise, always corresponded to changes in vibration level
but not always to speed and current changes.
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The point marked A on the trace (Figure 1) was an ex-
ample of audible retainer noise with a corresponding
significant current increase and speed decrease. Point
B was another instance of audible retainer noise but
without a corresponding current increase or speed de-
crease. The area of the trace between the letters C
contained points where the vibration levels increased
and decreased sharply accompanied by drastic speed and
current changes. Speed changes up to 1000 RPM were
noted and current changes of over 600 ma were recorded.
Area D indicated a more moderate increase in vibration
level with corresponding 200-300 ma. increases in cur-
rent and 150-700 RPM speed decreases.
After the second area D there was a general recovery of
the bearing after which there was a gradual deteriora-
tion indicated by a steady increase in overall vibration
level, motor current,,and a decrease in speed. There
was also a gradual, then accelerated increase in bear-
ing temperature to +84oF from +73 0F. During this one
hour segment there were periods of deterioration and
recovery involving changes of 100-300 ma. and several
hundred RPM.
At approximately 3:20 PM the bearing stopped momentarily
then ran at approximately 4450 RPM (2225 counts x 2) for
several minutes. The speed then increased to approxi-
mately 9050 RPM for a minute, dropped to 2500 RPM, re-
covered, then stopped and the test was terminated.
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The first sustained "plateau" occurs at the first "D"
area. The current rose from 510 ma to 610 ma and then
to 800 ma. The current then dropped to about 650 ma
occurring with a corresponding decrease in the vibra-
tion level. The plateau then remained at-approximately
700 ma for the balance of this period. No audible re-
tainer noise was noted during this period. The probable
cause for the vibration level and torque increase was
deposition of resinous residues from the retainer ball
pockets into the ball path. This plateau is several
times the magnitudes noted with Skylab CMG #2 (S/N 6).
This plateau may be compared with the plateau of DOY 323:16 -
323:10, Figure 2. In both cases there is an increase in
current and a corresponding increase in temperature in
both the test bearing and bearing #2 in the CMG. How-
ever, the decrease in speed of.660 RPM during this test
period represents a torque increase of 7-8 oz-in., while
the apparent change in the speed of ATM CMG #2 was in the
neighborhood of 30-40 RPM or about 1 oz-in. It may also
be noted that the temperature modes are ,dissimilar
The test bearing was approaching "failure" as the tempera-
ture was still ramping higher after the end of the
"plateau". The temperature of CMG S/N 2, bearing #2 re-
turned gradually to its former level (measured as a A
from bearing #1).
After termination of test #2 the test bearing was re-
moved from the life test fixture. The bearing was dis-
assembled and the bearing metal parts and retainer
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visually examined. Examination indicated that the
primary cause for the torque increase was the build-up
of debris and residues on the bearing balls and races.
There was more defined wear in the bearing retainer
ball pockets which also bore evidence of retainer in-
stability.
The retainer flange onto which oil is centrifuged from
the lube nut contained no visible evidence of oil.
Whatever oil had been centrifuged onto the flange had
been in turn centrifuged thru the feed holes and onto
the bearing outer race land.
There was also evidence of wear on the retainer scallop
pads on the pressure side of the inner race. There
was evidence of burnishing on the pressure side of the
inner race land (see Figure 3) indicating that the 500-1
solution (freon to oil) is insufficient to adequately
lubricate the retainer pads and the area where the re-
tainer pads contact the inner race land.
The ball pockets had considerable wear in both the
lead and lag portions, and there was evidence of burnish-
ing on the sides of the pockets, perpendicular to the
direction of motion, indicating periods of retainer in-
stability.
The bearing races contained loose retainer debris,
ground in resinous residue, and minute amounts of metal
wear products.
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The bearing race contact areas when cleaned showed no
evidence of metal distress; i.e., spalling, oxidation.
The contact wear areas appeared slightly wider than
prior to the test run. The balls exhibited an addi-
tional set of fairly wide wear bands caused by running
in a preferential orientation for a period of time dur-
ing the test. However there was no apparent metal de-
terioration.
The area of the outer race which was covered by fine
loose debris from the retainer pockets extends from a
line on the outer race land just inboard from the edge of
the retainer, upward against gravity, through the outer
race groove to a line at approximately a 450 angle from
the opposite edge of the retainer (see Figure 3). There
also is evidence of a fine film of oil on the bearing
outer race below the contact zone as well as a thicker
film on the lower outer race land. It is apparent that
oil and some debris was pumped against gravity in a
direction from the lube nut side of the bearing through
the bearing outer race and out to the shallow land of
the outer race (see Figure 3).
Test #3 was conducted using the same bearing as in the
initial two tests. The retainer was replaced with
another retainer which was soxhlet extracted in freon
to remove residual oil and was then vacuum baked as
stated previously. The bearing metal parts were then
cleaned as prior to test #2. The bearing metal parts
Issue : Original MT-15,786
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were dipped into a 50-1 mixture of freon and oil. The
bearing metal parts and dry retainer were then assembled
and replaced into the life test fixture.
Test #3 covered a period of approximately eight hours.
The test was characterized by .anomalies similar to that
of test #2 and somewhat similar to some data from Skylab
CMG #2. During the early hours of the run, while there
was oil for adequate lubrication, there were no sudden
changes in speed. current, or vibration level. During
the middle hours of the test, variations in speed, cur-
rent and vibration level occured, but the changes in
vibration level in most cases did not occur simultaneous-
ly with the speed and current changes. There were cur-
rent and speed plateaus as in the data received from
Skylab CMG #2, as well as ramps and recoveries. During
the initial hours of the test there was no change in the
bearing temperature of 73.5 0 F. The initial six hour
period was characterized by plateaus and ripples in the
current and speed traces of 10-30 ma and 60-80 RPM, al-
though there are some instances of 50 ma current and 120
RPM speed changes.
The last two hours are characterized by more severe cur-
rent changes of up to 200 ma. and 800 RPM changes in
speed. There were three severe speed decreases to
approximately 1000 RPM with current levels reaching 700
to 1150 ma. In each case the recovery in speed was com-
plete. The test then was stopped overnight.
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The half hour run, during the following day, was simi-
lar to the last hour and a half of the previous run.
However, audible retainer noise was noted during this
period, and the resultant increases in vibration level
were marked on the trace. The audible noise was con-
sistent with speed and current fluctuations.
Area A occurred approximately one hour and twenty-five
minutes into the test and is indicative of the initial
hour and forty-five minutes of the run (see Figure 4).
The current is 495 ma up 5 ma from the initial steady
state reading. The speed is 9004 down from the initial
9036 RPM. The vibration level on the minimally lubrica-
ted (test bearing) bearing was steady at 60-80 myv.
During this period of time, the lube end was sufficient
to separate the balls and races and there were no
anomalies present.
Area B (Figure 5) on the trace occurred approximately
two hours and thirty minutes into the test and includes
to anomalies. At the beginning of this period, the
bearing indicated the first "glich". The speed which was
stable at 9000-9008 RPM drifted down to 8992 RPM and
then dropped to 8947 RPM (point 1), while the current
correspondingly increased from 495 ma to 515 ma. The
speed then recovered slightly to about 8966 RPM then
dropped to 8940 RPM with corresponding changes in cur-
rent. There then occurred momentarily a complete re-
covery to 9022 RPM (point 2) and 480 ma.
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Points 3 and 4 were the first accuracies of simultan-
eous speed, current and vibration anomalies. There
was no apparent change in test bearing temperature.
These anomalies both cover a ten second period. Point
4 indicated a speed drop of 63 RPM from 8979 to 8908 RPM
then a recovery to 8990 RPM. The current rose from 505
ma to 530 ma then decayed to 495 ma. These anomalies
were the first indication of any signficant bearing
torque changes.
Area C - (see Figure 6) on the trace began about
fifteen minutes after area B or about 2 hours and forty
minutes into the test. There was a sharp sustained in-
crease in vibration level from an average of 70 my to
an average of 100 my. There are vibration peaks to 260
mv. (100 mv/g.) During this period there are examples
of "gliches" in both the speed and current traces. The
current ranged between 470 ma to 550 ma and the speed
range varied between 9058 RPM and 8768 RPM. These ano-
malies recurred for approximately 30 minutes.
This period began abruptly with the sharp vibration
level increase. The speed dropped from 7994 RPM to
8931 and then to 8900 RPM (point 1) with a correspond-
ing increase in current. There was also a small tempera-
ture increase of approximately 0.20 - 0.30F over a five
minute period attributed to the initial torque increase
of this period. Although the magnitude of the changes
are different, as well as the time periods, the series
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of "gliches: in area C are somewhat-similar to the
"gliches" of DOY 323:16:45 to 323:18:15 (discussed
later in this report).
Approximately 3-1/2 hours into the test,area D (see
Figure 7) exhibited the first series of "failures"
and "recoveries". The current level during the first
"failure" reached 780 ma from 485 ma. The speed decreases
during this period were too rapid to be recorded. The
increase in vibration level was probably due to reson-
ances in the system at lower speeds and did not pre-
cipitate the torque increases. The second "failure" was
even more severe with the current level reaching 830 ma.
In both cases there was a "recovery". The recovery from
the first "failure" was back to 500 ma and approximately
8960 RPM. Then follows a milder speed decrease to 4425
counts or 8850 RPM from 8960 RPM, point 2. The second
recovery was not as complete and was followed by another
speed decrease which was not recorded. At the end of
period D, the speed and current "gliches" began to smooth
out and were relatively stable for approximately the next
two hours and fifteen minutes.
The "failures" and "recoveries" in this area were simi-
lar to those at the end of test #2 and were typical of
the failure/recovery modes of bearings on the verge of
failure.
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Area E (see Figure 8) occurred approximately four hours
and forty minutes into the test and was indicative of
the general recovery of the test bearing. This recovery
period spanned approximately two and one-half hours and
was punctuated by small "gliches" of similar magnitude
and duration as in area E. These "gliches" were on the
order of 20-55 RPM and 5-20 ma. The duration was usually
2-3 seconds. There were no temperature changes and dur-
ing this recovery period the vibration level of the test
bearing returned to previous levels of approximately
30-100 my.
After approximately six hours into the test, the "gliches"
became more frequent and for the next hour increased in
magnitude and duration.
Area F occurred approximately seven hours into the test
(see Figure 9) and followed a series of "gliches" of
lesser magnitude and duration. The speed decreased from
about 8950 RPM to 2148 RPM while the current increased
from 520 ma to 1180 ma. During this period speed read-
ings were impossible to determine from the trace and were
read from the counter and written onto the trace. This
"glich" lasted about six minutes after which the speed
and current became fairly stable and the vibration level
dropped to normal levels and continued so for another
half hour. The test was then shut down until the follow-
ing day.
I I: 1j !q ~II
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Area G (see Figure 10) occurred after about twenty
minutes into the next day's run and about ten minutes
prior to termination of the test. Interesting points
(1) and (2) on this trace were two of several instances
of audible retainer noise (instability) corresponding
with significant speed and current "gliches". At point
(1) the speed dropped from approximately 8970 RPM to
4462 RPM. The current change was from 540 ma to 800 ma.
At point (2) the speed reading was not recorded while
the current peaked to 800 ma.
The bearing was then removed from the life test fixture
and disassembled for examination. Visual examination of
the bearing metal parts and retainer indicated greater
wear than generated after test #2. There was a similar
pattern of debris and oil being pumped upward in a
direction from the pressure side land of the outer race
thru to the shallow land of the outer race. There was
a greater amount of oil on the pressure side land than
in test #2, with much of the oil from the lube nut mi-
grating downward and away from the race. However, there
was oil visible on the upper area of the outer race which
had been pumped into the race.
The bearing metal parts showed additional wear, more so
than in test #2, with evidence of some metal to metal
contact between the balls and both inner and outer races.
There was some minor spalling in the contact areas of
each race. The balls also showed some minor spalling.
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The bearing inner race land did not indicate any polish-
ing by the retainer pads nor do the pads show any wear.
This indicated that the 50-1 solution provided a film
sufficient for lubrication in this area.
There was a noticeable increase in the film of oil on
the outer raceland, supplied by the lube nut. The
majority of this oil migrated downward away from the
bearing race. There was, however, a film of oil extend-
ing to the race edge and into the race. While no quanti-
tative measurement of the thickness of this film or the
quantity of oil could be made, it was by visual compari-
son at least several times the film left by the 50-1
mixture.
The retainer ball pockets were worn on the lead and lag
segments to a greater extent than in test #2, and there
was greater burnishing on the pocket sides. This indi-
cated that this retainer was unstable for greater periods
of time, and accounts for the correlation between audible
retainer instability and the jogs in the vibration, cur-
rent, and speed traces.
The inertia of the life test fixture shaft assembly is
.72 oz-in-sec 2 or .045 in-lb-sec 2 (ref. MT-13,936),
while the inertia of the IGRA is approximately 29.9
in-lb-sec 2 (ref. 2120252-9). The ratio of the inertia
is 29.9/.045 = 650. Therefore, assuming similar bear-
ing drag torques for both the test bearing and the
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bearings in the Skylab ATM CMG's, the effects of a
change in torque in a Skylab CMG bearing would occur
approximately 650 times slower than the speed and cur-
rent reactions for the same torque change in the test
bearings assuming that the speed of both is in the
linear portion of the torque/speed curve (8700-9100 RPM
(ref. MT-15,800 and Figure 12).
The data from Skylab DOY 323:16 - 323:19 shows a fairly
typical "glich" (see Figure 11). According to data re-
ceived, the speed change during this period was from
8911 RPM to 8870 RPM, a change of 41 RPM. The torque
change was approximately 1.2 oz-in from the above curve
(see Figure 12). The speed change occurs over a period
-of approximately 20 minutes or 1200 seconds. A similar
torque change in the life test fixture would occur with-
in 1200/650 P 2 seconds. The "glich" noted in area B
of test #3 (Figure 4, point 4) starts with a drop in
speed from 8971 to 8908, a drop of 63 RPM and a torque
change of 1.1 oz-in in a period of four or five seconds.
Similarly, the plateau which began at point (1) of area
C in test #3 began with a speed drop from 8994 RPM to
8931 RPM (63 RPM) and occurred in six seconds.
During DOY 349:11:15 - 349:49:14:15 (see Figure 13) the
speed drops from 8910 to 8850 RPM in about 31 minutes, a
torque increase of approximately 1.6 oz-in. This would
have corresponded to 100 RPM changes within 3 seconds
for the test bearings. Instances of changes of this
magnitude and rapidity occurred during the last two
hours of the test. One such is illustrated (see Figure
10) in area G during the second instance of audible
noise.
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5.0 CONCLUSIONS
In the three tests, the primary cause for "failure"
was the buildup of debris and residues from localized
overheating in the unlubricated ball bearing retainer
pockets due to ball rub.
The location of debris, residues and small quantities
of oil in the outer race indicates that some oil is
pumped or migrates against 1 g to the bearing contact
area. However, with the standard retainer used in
this test, the deposition of replacement oil from the
lube nut was onto the outer race land and did not migrate
against 1 "g" adequately to relubricate the test bearing.
The condition of the test retainers scalloped pads after
each test indicates that the 50-1 mixture of freon to
oil leaves the minimum oil necessary to adequately
lubricate the inner race land/scallop pad interface.
In the tests, audible retainer noise did not always occur
in correlation with, or cause a change in torque level
(wheel speed). However, there are instances in both
tests #2 and #3 where audible retainer instability is a
cause for the torque level change in the test bearing.
In the tests, instances of audible retainer noise did
not produce "glich" plateaus of fairly constant speed
and current. They generally produced current spikes
and irregular speeds during the audibly unstable periods.
However, in the actual CMG's with their larger inertias
these changes would probably have smoothed out.
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There were external factors occurring to the Skylab
CMG's such as thermal cycling, gravity gradient momen-
tum desaturations, etc. which could not be duplicated
in these tests . Therefore direct correlations between
the "gliches" seen in the telemetered data from Skylab
ATM-CMG's 1 and 2 and the data taken during these simu-
lation tests are difficult. There appeared to be some
similarities in the data, particularly during the first
half of test #3, where torque level changes were of
similar magnitudes, although reactions in speed were
not quite as fast as the 650/1 ratio of inertias (ATM-
CMG wheel/test fixture shaft). The similarity in some
of the test data to some of the telemetered data from
Skylab does support to some extent the theory that
minimal lubrication was the primary cause for the
anomalies noted.
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1.0 PURPOSE
The purpose of this report is to document the results of
a bearing life test in which ATM CMG bearings were run
in a life test fixture without benefit of a lubrication
replacement system. The test was designed to simulate a
possible condition on Skylab in space where little or no
oil is replaced to lubricate the bearing.
2.0 BACKGROUND
One area of investigation into the possible causes for
the failure of Skylab ATM CMG #1 (CMG S/N 5) and the
anomalies in the speed current and temperature data
telemetered from Skylab ATM CMG #2 (S/N 6) is inadequate
relubrication of the spin axis bearings. Therefore, the
purpose of the test conducted in this report is to deter-
mine the period of time bearings would operate satisfac-
torily without oil replenishment.
3.0 DISCUSSION
It is difficult to simulate space conditions on earth.
However, some approximations to space conditions can be
made. To simulate the weightlessness in space, the
bearings were run in a life test fixture. The life test
contains only a shaft of negligible weight compared with
the 150# total weight of the CMG wheel. The bearing
axial or preload was set at 40# as in the Skylab CMGs.
The life test fixture cavity was pumped down to a pres-
-3
sure of approximately 5 x 10-3 Torr.
While the pressure in space will be in the area of 10
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-11
10-11 torr the labyrinth seal and other factors should
keep the pressure in the ATM CMG at or below the vapor
pressure of KG80 oil which is 10 - 7 at 100oF and approxi-
mately 10 - 8 at 80oF. However, the vapor pressure of the
-9 o
oil is extrapolated to be 10 at 100 after evaporative
loss of 5% by weightof the light ends of the oil and
5 x 10 - 10 at 80 F (ref 1). Labyrinth seal and molecular
flow analysis estimates the loss of lubricant from each
bearing to be approximately 1.6 x 10-6 g/hour if the
temperature of the oil is at 1000F and the surrounding
enclosure is at 600 F, the low point of the ATM CMG tem-
perature range in Skylab. The escape of oil vapor thru
the labyrinth seal is estimated to be less than 1.0 x
10 - 6 gm/hr.
The ATM CMG bearings in space will contain in the order
-3
of 75 x 10 gm of oil impregnated into the retainer and an
additional 50 x 10- gm of oil added to the races prior to
assembly into the CMG. There is an additional supply of
-6
approximately 40 x 10 gm of oil each hour the CMG is run
on earth. If the worst case is considered in which the
only oil available to the bearing is the 50 mg added
prior to assembly and 1/3 of the oil impregnated into
the retainer, there is approximately 75 mg available to
lubricate each bearing. At the above evaporation rate,
5% of this oil or 3.75 mg will take over 2000 hours to
evaporate. At the point where 5% of the available oil
has evaporated, the vapor pressure of the oil has de-
creased by 10 - 2 torr and the evaporation rate will de-
crease to .016 x 10 - 6 gm/hr.
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Therefore the effect of lubricant evaporation is rela-
tively minor with respect to bearing life.
Pumping down the life test fixture serves two purposes;
it eliminates windage effects as in the ATM CMG in space,
and removes oxygen from the bearing environment. This
will deprive the lubricant and bearing metal interface
of oxygen resupply which may have some effect on bearing
life in space.
In order to simulate lubricant creep and possible loss
of lubricant due to earth test in the spin axis vertical
position, this test was run with the spin axis vertical
such that gravity as well as thermal gradient would cause
lubricant to creep from the rase contact areas.
To simulate the bearing speed in space, the life test
fixture was also run at 9100 rpm.
The two bearings selected for this test both have had a
history of use both in ATM CMG wheels and in various life
tests during the past several years. They were selected
because both had accumulated several hundred hours of
run with a lubrication replacement system and had the
quantities and dispersion of oil within the bearing
metal components and retainer similar to that of the
bearings used in the Skylab ATM CMGs. Therefore,the bear-
ing metal wear and ball pocket rub was also similar to
those bearings used in the three Skylab AMT CMGs.
In late 1972 a somewhat similar test was run at Marshall
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Space Flight Center utilizing a minimally lubricated
bearing. This bearing contained 21.4 mg of oil in the
retainer and an additional 6 mg of oil on the races.
This is in comparison with the normal 50-80 mg of oil in
the retainer and 50 mg in the races prior to assembly into
an ATM-CMG. This test ran for 400 hours at 40# preload
with the life test fixture on the spin axis horizontal
position and an additional 355 hours horizontal at 190#
preload to simulate the load of an ATM CMG spin axis
vertical situation on earth. Although the bearing
torque increased after the 355 hour period, the bearing
metal parts indicated no degradation.
4.0 RESULTS
The bearings in this test ran for a total of 1688 hours.
Torque and speed measurements were taken and recorded each
day. The initial torque measurements on April 24, 1974
was 1.29 oz inches. The bearing then ran for 1600 hours
at torque levels between 1.53 and 1.85 oz. in. The
speed variations during this period were 54 rpm. Due to
the utilization of test equipment for other concurrent
testing, continuous vibration level bearing temperature
and motor current readings were not made. However, ran-
dom measurements of these parameters were made during the
entire period of the test with no significant variations
from steady state running values.
On July 8, 1974 after running 1688 hours, the torque test
indicated a bearing torque of 2.45 oz in up from 1.72 on
July 5, 1974.
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The speed hd also decreased from 9088 rpm to 9065 rpm.
This significant torque increase indicated that one or
both bearings were beginning to fail and the test was
terminated.
Both bearings were removed for visual examination. Bear-
ing S/N SBB015 still contained significant amounts of
oil on its metal parts and on the retainer surfaces.
The bearing contact areas and ball wear pattern were vis-
ually not significantly deteriorated from when the test
began. These were no significant buildup of pyrolyzed
oil or wear metal residues on the ball pockets and no
evidence of retainer instability.
Bearing S/N B19 the top bearing ran dry and was the
bearing which exhibited the increase in torque. Visual
inspection of the bearing indicated that the bearing re-
tainer was completely dry. The ball pockets contained
buildups of pyrolyzed oil in the lead and lag portions
of the pockets. There was only minor burnishing of the
pockets in these areas. There was no evidence of wear or
debris from contact between the retainer scallop pads
and the inner race lands.
The bearing inner and outer races contained pyrolyzed oil
imbedded into the contact zones and pushed out to the
periphery of the contact areas. There were minor amounts
of free oil visible outside of the contact areas which
either migrated from the contact area or had never
migrated into contact area. The bearing balls are coated
with pyrolyzed oil with some balls containing areas of
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pyrolyzed oil imbedded on the ball surface.
Since the test was terminated at the first instance of a
significant torque change, there was no apparent metal
damage, i.e. fretting or spalling, to the bearing metal
parts. The torque increase was caused by the buildup of
wax-like pyrolyzed oil residues in the race contact areas
and on the balls.
5.0 CONCLUSIONS
Based on the results of this test and of the minimal
lubrication test (ref 2), it appears that an ATM CMG
bearing which is properly lubricated initially, will run
without further lubrication, for at least 1500 hours in
space conditions. The bearing which "failed" would have
continued to perform its function on a CMG for an addi-
tional several hundred hours. However, variations in
torque current, and speed would be noted.
The appearance of the "unfailed" bearing indicates that
it would have run for a period in excess of 3000 hours.
This 3000 hours may be closer to the average life to be
expected. The minimal lubrication test (ref 2) bearing
contained less than 20% of the normal quantity of oil
present initially on an ATM CMG bearing. It ran for
755 hours approximately half of which was under loads
five times that which would have been experienced in
non-maneuver modes in space.
The failed bearing, S/N B19, had not reached a critical
point where catastrophic failure was eminent. Although
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much of the oil was pyrolyzed and the effectiveness of
the hydrodynamic film degraded, the friction between the
balls and ball pockets had not reached the paint where
there is localized overheating of the phenolic in the
ball pockets, and generation of resinous debris. Like-
wise there was no evidence of metal to metal contact.
In the ATM CMG operating temperature range of 60 0 -80 0 F
and with a labyrinth seal, the evaporation rate of the
KG-80 oil used to lubricate the bearings is minimal and
is a minor factor affecting bearing life.
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1.0 PURPOSE
The purpose of this report is to document the results of
a test to determine whether oil centrifuged onto an ATM-CMG
bearing outer race land will flow against gravity into
the race contact area. The tests were conducted with the
CMG bearing spin axis vertical such that any oil migrating
into the race contact area will have migrated against
gravity.
2.0 BACKGROUND
The failure of CMG No. 5 (Skylab CMG 1) and the anomalies
which occurred with CMG No. 6 (Skylab CMG No. 2) caused
the review of all aspects of the ATM-CMG lubrication
replacement system. One aspect reviewed is the migration
of oil into the bearing outer race contact area from where
it is deposited on the land near the race edge. MT-15,777
covers the design changes which will deposit the oil
directly into the bearing race contact area.
Life tests (Ref. NCER 73-06-042) with the CMG spin
axis horizontal have proved that adequate oil migrates
into the bearing race contact area while running in this
orientation. Life tests in excess of 30,000 hours were
made in this orientation.
ATM-CMG qualification and preflight tests were also
performed in the spin axis vertical position. However,
the amount of test hours in this orientation was small as
compared with the bulk of testing and run-in which was
performed in the spin axis horizontal position.
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3.0 DISCUSSION
The tests were performed under the following conditions:
1. The bearing metal parts were cleaned and then dipped
into a 50-1 mixture of freon and KG-80 oil to provide
for a minimal hydrodynamic film.
2. The bearing phenolic separator was completely dry
except for the ball pockets which were each "wetted"
with approximately 1.5 mg of KG-80 oil, the approximate
amount impregnated into a flight retainer poc-
ket. This was accomplished by applying 10 drops of the
50-1 mixture to each pocket using a #20 hyperdermic
needle. The purpose of lubricating the pockets was
to prevent localized hot spots in the pocket contact
areas.
3. The lube nut used contained oil tinted with a red dye
and had been used successfully in previous tests
(Ref. NCER-73-06-042).
4. The test bearing was run in a life test fixture with
the bearing spin axis vertical. The test bearing was
the bottom bearing with the lube nut situated below the
bearing. Therefore, the flow of any oil to the race
contact area was against gravity.
Since the first test bearing failed after approximately 140
hours, but during an overnight period, a second-test
bearing was also run. In both tests the bearing was
removed from the life test fixture, visually examined,
photographed after the initial 50 hours of run. The second
bearing was also removed and photographed after 100 hours.
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Both units were examined and photographed after failure
at approximately 160 hours. After each examination, the
bearing was reassembled without additional oil. The
bearing race orientation was always such that gravity was
acting against migration of oil to the race contact area.
4.0 RESULTS
Examination of the oil on the bearings surfaces after
50 hours of the first test revealed a thick ring of red
oil at the bottom of the race land where it had collected
after being centrifuged from the bearing retainer onto
the land. See photo 1 and Figure 1. A thin film of oil
wasvisible on the race land from this point up to the
race corner. The bearing outer race contact area and
balls appear "wet", but the film is too thin to detect
any "redness". The film is in excess of the film left
from the 50-1 freon-KG-80 dip.
The bearing retainer oil groove did not contain any
excess oil. Therefore, all the oil slung off the lube nut
was centrifuged thru the oil holes to the race land.
The results of visual examination after 50 hours of the
second test bearing were similar to that of the first test.
No visual examination was made on the first unit after 100
hours. Visual examination of the metal parts of the
second bearing after 100 hours of run revealed the following:
A ring of red dyed oil approximately 1/8" wide at the bottom
of the outer race land (see Figure 2 and Photo 2). A thin
film of oil wasvisible from the ring upward to the race
corner. There was a thinner film of oil in the upper area
of the race groove and some oil present in the race contact
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area as noted by light defraction in some areas. There
is a similar very thin film on the balls and the inner
race contact area. None of this film was thick enough to
visibly fluoresce under untra-violet light. Some retainer
pocket wear products and pyrolyzed oil were visible at
the periphery of the race contact areas. There was also
pyrolyzed oil and metal wear products deposited on the
lead and lag portions of the ball pockets.
After reassembly of the bearing components, the second
bearing ran an additional sixty hours to failure.
Examination of the first bearing after the failure at 140
hours revealed a ring of red dyed oil approximately 3/16"
wide at the bottom groove of the race land (see Figure 3).
There was also a film of oil extending upward from this
ring up to the race corner. In the upper part of the
bearing outer race groove, there was free oil visible
but covered with debris and wear products of the failure.
The bearing contact area contained residues and debris,
but no free oil was noted by visual means. Use of
ultra-violet light to determine the presence of KG-80
oil in the vicinity of the race resulted in the following
observations: the thickness of oil film among the debris
in the upper area of the race was sufficient to fluoresce
faintly. The film of oil in the contact area of the
outer race, and the balance of the race upward from the
race groove which had been exposed only to the 50-1
freon to KG-80 oil mixture, did not contain enough film
thickness to fluoresce.
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There was no visible fluorescence from oil present on the
inner race. There was also no visible fluorescence from
the retainer ball pockets or from the retainer groove
overlapping the lube nut. The 3/16" wide ring of oil was
readily fluorescent under ultra-violet light.
Photos 3 and 4 show the oil ring at the bottom of the
outer race. Photo 4 also shows the wear products of the
failure, and the discolored oil and residues in the race
contact area. The brighter area above the discolored
wear pattern is reflected light from the film of oil
present but obscured by wear debris. Photo 5 is another
of this area.
Figure 6 shows the wear and debris buildup on the ball
pockets of the retainer. The elliptical contact area in
the lead and lag portions of the pockets was burnished
but contains no pyrolyzed oil. The debris and pyrolyzed
oil was deposited or pushed to the periphery of the contact
areas. The rub pattern on the ball pockets indicates
minor axial retainer instability during this test.
5.0 CONCLUSIONS
The results of the two tests performed indicate that on
earth some of the oil centrifuged onto the race land in
the proximity of the race corner does "wet" against gravity
into the bearing outer race contact area. However, most
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of the oil drains downward away from the outer race groove
corner and is useless for lubrication of the bearing.
The amount and rate of oil migrating into the outer race
under these conditions is insufficient to sustain the
hydrodynamic film in a bearing which is marginally
lubricated.
The location of debris on the outer race indicates pumping
action between the retainer OD and outer race land ID such
that there is some flow of debris and oil against gravity.
There was insufficient quantities of red dyed oil trans-
ferred from the outer race to the inner race to be visibly
detected on the inner race.
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PHOTO 1
FAINT RED RING AT BOTTOM OF DISASSEMBLED
OUTER RACE 50 HOURS 1ST TEST
PHOTO 2
RED RING AT BOTTOM OF ASSEMBLED
OUTER RACE 100 HOURS TEST 2
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PHOTO 3
OIL RING AT BOTTOM OF ASSEMBLED
OUTER RACE 160 HOURS TEST 2
OIL RING AND WEAR DEBRIS
DISASSEMBLED OUTER RACE
160 HOURS TEST 2
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PHOTO 5
OUTER RACE GROOVE
REFLECTED LIGHT
FROM OIL IN RACE GROOVE
PHOTO 6
RETAINER BALL POCKETS 160 HOURS
pL-
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PURPOSE
This test program was initiated to determine the wheel
speed that develops a sufficient hydrodynamic film in
the spin axis bearing as a function of temperature,
cavity pressure, and lubricant quantity.
DISCUSSION
For this test program two ATM CMG Inner Gimbal and
Rotor Assembly (IGRA) angular contact ball bearings
were normally lubricated with KG-80 oil, torque tested
for quality, and assembled into an IGRA Bearing Life
Test Fixture (BLTF). This BLTF was modified for special
capacitance measurements to determine the development
of a hydrodynamic film in the spin axis bearings. The
stiffening thru strut was electrically insulated from
the bearing outer race (i.e. the case of the BLTF) by
employment of lucite end caps. Any capacitance increase
between the thru strut and case of the BLTF would
indicate the presence of a hydrodynamic film within
the ball bearings. The circuit used to monitor this
capacitance is shown in Figure 1.
The first attempt at determining the wheel speed that
develops a hydrodynamic film was performed on this
BLTF at room temperature, and a cavity pressure of 5
microns. The capacitance measurement indicated a film
was present before the wheel speed indicator was trig-
gered. Therefore, the second test was performed at
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atmospheric pressure with the side covers removed so
wheel speed could be detected by means of a strobe
light.. This set-up also produced unsatisfactory results
because the strobe light introduced pulsating electrical
noise into the capacitance measurement. The third
attempt was also performed at atmospheric pressure with
the side covers removed. However, the bearing lock nut
was marked so that the wheel speed could be determined
by counting the revolutions per unit time. The wheel
speed of the BLTF was gradually increased until a lubri-
cant film was indicated by the capacitance measuring
electronics. This technique showed a hydrodynamic film
was present in both bearings at speeds of 66-84 RPM.
Since speed detection at low speed presented a large
problem in these initial tests, successful. testing
in thermal-vacuum conditions was doubtful. The BLTF
was subjected to a temperature of 165 F and a vacuum
of 10- 7 Torr in the thermal vacuum chamber. Once thermal
equilibrium was reached, the unit was slowly accelerated
to operating speed. Throughout the accelerating period
the capacitance electronics were saturated with noise,
caused by long cabling to the thermal vacuum chamber.
To obtain any satisfactory results in thermal vacuum
environments a more sophisticated means of measuring
speed and a special capacitance bridge will be needed.
Since these items are considered special test equipment,
not funded by the present contract, and the results of
further testing was uncertain, it 'was decided in con-
junction with NASA personnel to discontinue the task.
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CONCLUSIONS AND RECOMMENDATIONS
This test indicated that a hydrodynamic lubricant film
is developed over a speed range of 66-84 RPM and is
maintained throughout the run-up period to 9100 RPM.
Since this hydrodynamic film was established at a very
low speed, in comparison to the operational speed
(9100 RPM) of the CMG, insufficient hydrodynamic film
lubrication does not appear to have been a problem in
the ATM CMG.
If any further hydrodynamic film testing is to be con-
sidered, a very accurate and low speed detection system
will have to be developed, along with a sophisticated
capacitance bridge.
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1.0 PURPOSE
The purpose of this report was to document the results of
life tests utilizing ATM CMG bearings and redesigned
bearing retainers. The bearing retainer was redesigned to
more effectively capture and distribute oil to the bearing
contact surfaces from the lubrication replacement system
(lube nuts). The purpose of these tests was to evaluate
the effectiveness of the design changes.
2.0 BACKGROUND
The primary mechanisms used to orient and maneuver the
Skylab space laboratory were three Control Moment Gyros.
These CMG's used two 107H size ball bearings with phenolic
bearing retainers. The retainers were impregnated with
KG-80 oil and served as a mechanism by which additional oil
was centrifuged from the lube nut oil replacement system
to the retainer flange and was then centrifuged through
feed holes in the retainer to the I.D. of the bearing
outer race.
A review of the bearing design parameters and further tests
were instigated by the premature failure of CMG 1 (S/N 5)
aboard Skylab, and anomalies encountered with CMG (S/N 6).
These studies disclosed that in certain conditions most of
the oil centrifuged from the retainer feed holes would not
enter or migrate into the bearing outer race contact area
(Ref. MT-15,776). Therefore, a redesign of the bearing
retainer (Ref. MT-15,777) was performed such that oil
from the flange would feed directly into the bearing outer
race groove in all conditions. One set of holes would feed
the oil into the area of the race groove above the ball
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path. The second set would feed oil directly into the
center of the ball path under nominal conditions. In
addition the retainer flanges were redesigned to further
overlap the lube nut as well as to allow for the more
acute angle of the oil feed holes.
3.0 DISCUSSION
To determine the effectiveness of the retainer redesign
three life tests are being performed in life test fixtures
and an additional life test is being performed in an ATM
CMG Inner Gimbal and Rotor Assembly (IGRA). This report
is concerned only with the. three life tests performed in
the life test fixtures.
The life test fixtures were designed originally to simulate
to a certain extent the conditions of vacuum and weight-
lessness (lack of radial load) the bearing will encounter
in an ATM CMG in space. The weight of the fixture shaft is
negligible when compared with the 150 pound weight of the
actual ATM CMG wheel. The life test fixtures are powered
by an ATM CMG motor developing approximately nine oz-in of
torque at 130 volts, 455 Hz, and at 9100 RPM shaft speed.
The bearings are preloaded to 40 pounds, the same preload
applied to the bearings used on the Skylab CMG's.
The life test fixtures were run in a spin axis vertical
orientation such that the effect of gravity on the dispersion
of the oil supplied to the bearings from the lube nut could
be studied, as well as the effect of the pumping action
of the retainer to disperse oil against gravity.
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To accomplish this, the test bearings in tests 1 and 2
were the bottom bearings in the fixtures and were minimally
lubricated initially by being dipped into a 50-1 mixture
of freon to KG-80 oil. The redesigned retainers in these
test bearings were assembled dry except for a small quantity
of oil in each ball pocket to prevent excessive friction
between the balls and the pockets. Therefore, the location
and amount of any oil in excess of the initial thin film
on the metal parts would be directly attributed to the oil
centrifuged from the lube nut to the retainer flange and
dispersed by the retainer feed holes onto the outer race.
Any further migration of the oil would then be the effects
of migration due to gravity or pumping action of the retainer.
The test bearing in Test #1 was run with minimal lubrication
and was resupplied with oil tinted with a red dye. The
test bearing on Test .#2 was similar to that in Test 41
except that the resupplied oil did not contain a dye.
The life test bearings on Test 43 were wetted normally and
contained normally lubricated bearing retainers as were
the retainers on the bearings paired with the test bearings
in tests 1 and 2. In each test the bearings were prepared
as follows: the test bearing metal parts used in Test #1
were assembled for the first time specifically for this
test and were prepared per (MT-13,923). The metal parts were
then dipped into a 50-1 mixture of freon to KG-80 oil
leaving a thin film of oil on the metal parts after -
evaporation of the freon. The redesigned retainers used
in the bottom bearing (the test bearing) was soxhlet
extracted In freon and baked dry at 220oF for 54 hours.
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Therefore, this retainer was completely void of oil except
for the ball pockets of which each were "wetted" with
approximately 1.5 mg of oil. This was accomplished by
applying ten drops of a 50-1 mixture of freon to oil to each
dry pocket with a #20 hyperdermic needle. This was done
to reduce the friction and localized over heating in the
ball pockets as would occur if the pockets were left dry.
Therefore, the bottom bearing when assembled into the life
test fixture contained only minimal oil to support an
elasto-hydrodynamic film and to prevent rusting of the
metal parts. Any additional oil found would necessarily
have flowed from the lube nut/oil replacement system.
In Test #1 the top bearing used to pair with the test
bearing was a bearing utilized in previous tests and did
not contain a redesigned retainer.
The test (bottom) bearing in Test 42 and its redesigned
retainer were prepared exactly as the test bearing and
retainer in Test #1. In this test the oil in the lube
nut to resupply the test bearing contained no red dye.
In Test #2, the top bearing used to pair with the test
bearing was also assembled for the first time for this test
and the metal parts were cleaned per MT-13,923. However,
the metal parts were dipped into the normal 5 to 1 freon
to KG-80 oil mixture, leaving a thicker film on the metal
parts. The retainer used in this bearing was a redesigned
retainer and was fully impregnated.
In Test #3, both bearings were assembled for the first
time for this test and the metal parts prepared per MT-13,923.
Issue: Original MT-15,784
Date: Jan. 6, 1975 Page 5
The metal parts were then dipped into the 5-1 freon to
KG-80 oil mixture to coat the metal surfaces as is normal
for bearings for use on an IGRA. Likewise, the redesigned
retainers used in these bearings were fully impregnated.
The lube nuts used with these bearings also did not contain
dyed oil.
4.0 RESULTS
As of December 6, 1974, Test #1 has run for 3588 hours and
shows no visible signs of distress to the test bearing
metal parts or retainer. There is a meniscus of oil
visible between the balls and outer race contact surface.
There is no evidence of degraded or pyrolized oil in the
visible portions of the retainer pockets, on the retainer
pads or in the bearing outer race. There are visible
quantities of red tinted oil which have been pumped against
gravity to the upward land of the outer race. There is
excess oil in the outer race groove and contact area.
There are greater quantities of red tinted oil which
have migrated from the outer race groove downward with
gravity to the bottom of the bearing (see Figure 4).
Visual examination of the bearing metal parts and retainers
after 2101 hours in Test #2 and 3331 hours in Test #3 are
similar to that in Test #1 in that there is only normal
light wear banding visible on the bearing balls and outer
race contact areas and no visible signs of metal or retainer
distress. There is a visible meniscus of oil between the
outer race contact area and the balls. There is likewise
no visible evidence of any lubrication degradation. There
is evidence of quantities of oil, pumped against gravity,
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visible on the upward land of the outer race of both
bottom test bearings. There are larger quantities of oil
visible in the race grooves and more which has migrated
due to gravity from the race groove to the bottom of the
lower land of the test bearings' outer races.
The progressive visible inspections of the lower bearing
in Test #1 gives a graphic description of the flow and
dispersion of the oil. At the 90 hour examination, see
Figure 1, there is no visible additional oil on the outer
race lands, and while there appears to be some additional
oil in the outer race contact area and balls. The quantity
is sufficient for a red tint to be noted. At the 328 hour
examination (see figure 2), there is some evidence of
additional quantities of oil on the bearing upper outer
race land, pumped against gravity. There is definitely
additional quantities of red tinted oil in the outer race
land and balls, and a small meniscus of oil with a faint
red tint between the balls and' the contact area.
After the 1159 hour visual examination (see Figure 3),
there is an additional quantity of red tinted oil pumped
against gravity to the upward land of the outer race. The
bearing outer race groove contains enough extra oil to be
visibly pushed out of the ball contact area by the balls as
the bearing is slowly rotated. There is a meniscus with
a red tint visible between the balls and contact area.
There is also additional oil from the outer race groove
on the lower land and ending in a red ring at the bottom of
the bearing. The examinations after the 2075, 2621 and 3588
periods (see Figure 4) show similar concentrations of red
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dyed oil in the races, balls, and upper land but with
increasing quantities of oil being drained from the
race groove as additional quantities are centrifuged into
the bearing outer race.
The results of visual examinations of the bearings in
Tests 2 and 3, are similar except that they are not as
graphically visible since the oil used does not have a
red tint.
Chart 1 below shows the hours and date of each visual
examination of the test bearings.
Test/Visual
Examination 1 2 3 4 5 6 7
Minimal Lube 90 328 1159 2075 2621 3588
red dye 6/28/74 7/8/74 8/11/74 9/23/74 10/23/74 12/6/74
Minimal lube 480 978 1677 2101
(no red dye) 9/24/74 10/15174 1!/1W74 12/6/74
Normal lube 484 1286 2384 3331
(no red dye) 8/2/74 9/4/74 10/21/74 12/6/74
CHART I
Issue: Original rMT-15,784
Date: Jan. 6, 1975 Page 8
5.0 CONCLUSIONS
The redesigned retainer does effectively capture all of
the oil centrifuged from the lubrication replacement
system and effectively distributes it to the bearing
outer race groove and contact area.
The presence of oil on the upward land of the bottom test
bearing in each test proves that some of the oil centrifuged
into the bearing outer race is pumped upward against gravity
through the race groove.
The fact that all of the oil centrifuged from the lube nut
is captured by the retainer flange and is deposited into
the outer race groove is proven by the absence of oil on
the lower or lube nut side of the outer race land, during
the first several hundred hours of each test. Only after
sufficient excess quantities of oil are dispersed
Into the outer race does oil appear on the lower land due
to drainage.
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PURPOSE
This test program was initiated to validate and life
test the present lubrication system with bearings con-
taining a redesigned retainer in an inner gimbal and
rotor assembly (IGRA). The main purpose was to demon-
strate that the redesigned retainers would supply
lubricant (KG-80 oil) directly to the ball/race contact
zone while operating in a "1 G" field opposing the flow
of the lubricant.
ABSTRACT
The failure of ATM-CMG No. 5 (Skylab CMG 1) and the
anomalies which occurred on ATM-CMG No. 6 (Skylab CMG
#2) resulted in an investigation of all aspects of the
ATM CMG active lubrication system. As documented in
MT-15,777, design changes to the ball bearing retainer
were made to deposit lubricant directly into the ball/
race contact zone. This test program was initiated to
validate the design changes of the bearing retainer
while operating in an IGRA with a one "G" field opposing
the flow of lubricant to the race contact zone.
DISCUSSION
Inner Gimbal and Rotor Assembly S/N E-2 was assembled
with two normally lubricated 107H angular contact ball
bearings containing the redesigned retainers. After
the unit was assembled an abbreviated functional test
was performed to verify all performance parameters.
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This test accumulated a total of 36 hours on the bear-
ings. Since all performance parameters were satisfactory
the unit was partly disassembled for bearing visual in-
spection and installation of the active lubrication sys-
tems. The lubrication systems installed at this time
had flow rates of .092 Mg/Hr on Side 1 and .073 Mg/Hr
on Side 2. The unit was reassembled and a final ac-
ceptance and screening test was performed. This func-
tional test is outlined below.
Time Operation
0 1. Normal run-up to 8000 RPM (400 Hz, 115
Volts, Pump On)
24 2. Stable torque test spin axis horizontal,
start-spin axis down
32 3. Stable torque test spin axis down,
start stable spin axis horizontal
89 4. Stable torque test spin axis horizontal,
start spin axis up
97 5. Stable torque test spin axis up, start
stable speed spin axis horizontal
114:30 6. Stable torque test spin axis horizontal,
run-up to 9100 RPM, 455 Hz, 130 volts
137 7. Stable torque test spin axis horizontal,
start stable speed spin axis down
145:15 8. Stable torque test spin axis down, start
stable speed spin axis horizontal
161 9. Stable torque test spin axis horizontal,
start stable spin axis up
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Time Operation
169 10. Stable torque test spin axis up,
start stable spin axis horizontal
185:30 11. Stable torque test spin axis horizontal
257:30 12. Start off gassing tests
458:00 13. Stable torque spin axis horizontal,
return to 8000 RPM
474 14. Stable torque test spin axis horizontal,
start run down
479 15. End of test.
All performance parameters of this test are summarized
in Table 1.
At the conclusion of this functional test the unit was
vented, the side covers, end cap and strut assembly,
and lubrication systems were removed to visually inspect
the ball bearings.
It should be noted that the ball bearings were not re-
moved, and the end shake (bearing preload) was not dis-
turbed.
This inspection revealed that both bearing retainers
were well lubricated. Both bearing inner raceways
contained significant quantities of oil, and no evidence
of polymerized, or degraded oil was present on the re-
tainer pads. Although both retainers were wet with oil
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there were no large accumulations of oil in the retainer
edge undercut as found in some of the bearings life
tested with the original retainer design. Therefore
the design changes of the oil feedthrough holes pro-
vides more efficient oil flow directly into the ball/
race contact zone.
The unit was reassembled and accelerated to 9100 RPM
in the spin axis horizontal position, this unit is
currently on life test in the spin axis down position
at BGSD. To date this unit has accumulated 167 hours
in this orientation. When 1000 hours of operation in
this attitude are accumulated, a bearing visual inspec-
tion will be performed, and if the results are satisfactory,
the test will continue.
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1.0 PURPOSE
The purpose of this report is to document the modifica-
tions made to the ATM CMG Ball Bearing Retainer. These
changes are required to more effectively distribute 
the
oil from the annular groove on the side of the retainer
to the bearing outer race.
2.0 BACKGROUND
A complete design review of the ATM CMG system was re-
quired due to the failure of CMG S/N 5 on Skylab and
the speed changes in CMG S/N 6 also on Skylab. During
review of the ball bearing phenolic retainer it was
noted that although the center of the oil feed hole was
well past the edge of the outer race dam, the rear of
the hole, where the oil drops actually formed, did not
clear the edge. Therefore, the oil drops centrifuged
from the rear of the feed hole, onto the outer race land
approximately .027" from the dam edge, and migrated 
into the
outer race. There is a question as to whether sufficient
oil migrated into the outer races of the CMG's on Skylab
and affected performance or propagated the problems en-
countered in CMG S/N's 5 and 6. The third CMG, S/N 7
ran without any problems noted, throughout the entire
6,500 hour mission in space.
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3.0 DISCUSSION
The redesign of the retainer was effected to assure that
oil droplets would centrifuge directly into the outer
race in all cases. To accomplish this the following
changes were made:
1) The original holes were drilled at a more acute
angle to overlap the race dam by a minimum of .018"
in the worst conditions and .0315" at nominal con-
ditions. See Figures 1, 2 and 3.
2) An additional set of holes were added to centrifuge
oil droplets into the bearing outer race at the
nominal contact angle of 14.50, see Figure 4.
3) The width of the oil groove was increased to allow
for the more acute angle of the oil holes, without
loss of groove dam diameter. The additional width
also increases the overlap of the groove with re-
spect to the lube nut by .036" from a minimum of
.0035 to .0395. See Figures 5 and 6.
4) The retainer outer diameter was increased by .012".
This decreases the minimum radial clearance between
the outer race land and retainer O.D. from .026" to
.020". However, it allows the nominal 190 angle
hole to extend .017" further into the outer race, and
the nominal 14.50 hold .023" further extension into
the outer race.
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The oil droplets will now centrifuge off into the bear-
ing outer race in two areas: One area is above the
contact zone from which oil will migrate into the con-
tact zone of the outer race. The second area is in the
center of the nominal contact zone. Therefore, the bear-
ing outer race contact zonewill be lubricated both
directly and indirectly providing an adequate supply of
oil to be transferred by the ball to the inner race and
retainer pocket and ensuring an adequate hydrodynamic oil
film. See Figure 7.
RETAINER DESIGN CALCULATIONS
WORST CASE 290 WORST CASE 200 NOMINAL CASE 190 NOMINAL CASE 14.50
HOLE-FIGURE 1 . HOLE-FIGURE 2 HOLE-FIGURE 3 'HOLE-FIGURE 4
A. CONTACT ANGLE 1 170 170 150 150
B. BALL SIZE .3120 .3120 .3125 .3125 
C. BALL POCKET DIA. .329 .329 .328 .328
D. OUTER RACE CURVATURE .1646 .1646 .1656 .1656
E. OUTER RACE GROOVE DIA. 2.2219 2.2219 2.2222 2.2222
F. OUTER RACE LAND DIA. 2.1110 2.1110 2.1100 2.1100
G. OUTER RACE GROOVE DEPTH .05545 .05545 .05610 .05610
(E-F)/2
H. OUTER RACE CENTER TO .1233 = [ (1646) -2 (.1646 - .05545)2]1/2 .1242 - [(.1656)2 - (.1656 - .05610)2 1/2
LAND CORNER
I. BALL CENTER TO LAND .1208 = .1233 - (.1646 - .1560) sin 170 .1218 = .1242 - (.1656 - .15625) sin 150
CORNER
J. RETAINER DISPLACEMENT .0085 .0085 0.000 0.000
25" .01475
K. BALL CENTER TO OIL .0085 - .258 + .519 .0085 - .294 + .591 .295 - (.250- 19 ) .295 - .255 = .040
HOLE LIP -.139 +(.031/2)sin 290 -.203 = .1025 - .0903
= .1625
L. OVERLAP - OIL HOLE LIP -.0417 = .1208-.1625 +.0183 - .1208 -. 1025 +.0315 = .1218 - .0903 + .0818 = .1218 - .0400
TO LAND CORNER
I. LOCATION - BALL CENTER .5310 + .0015 - .5325
LUBE NUT .2900 - 0025 = .2875, .5325 -.2875 - .2450
II. LOCATION - BALL CENTER .517 - .260 - 0085 .589 - 296 - 0085 =
TO RETAINER GROOVE - .2485 .2845.
III. OVERLAP - RETAINER GROOVE .2485 - .2450 = .0035 .2945 -.2450 - .0395
TO LUBE NUT
SEE FIGURE 5 SEE FIGURE 6
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